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Currently, agricultural land comprises about 40% of the worlds land surface, producing food for six 
billion people (Godfray et al., 2010). Projections are that the global population will continue to increase 
and a doubling is expected by 2050 (Foley et al., 2011). This will be accompanied by a sharp increase 
in food demand, putting an even greater pressure on the agricultural sector to increase crop yields 
than today (Enserink et al., 2013). Since global productive arable areas are limited, fertilizers, 
pesticides and new crop strains have been increasingly used to boost crop production (Tilman et al., 
2002). Unfortunately, this has also resulted in serious environmental impacts, such as elevated 
nutrient levels, habitat degradation and water pollution (Rockstrom et al., 2009). Contamination of 
surface waters has become a serious problem in many industrialized and agricultural regions 
(Schwarzenbach et al., 2006). A recent meta-analysis (Stehle and Schulz, 2015) indicates that 
agricultural pesticide use poses a larger threat to aquatic biodiversity than previously expected. On a 
global scale more than 50% of insecticide levels in surface waters were found to exceed regulatory 
threshold levels.  
In the European Union alone, around 280 million kilos of pesticides are used annually (sales of active 
ingredients 2010; ECPA, 2011). By spray drift, run-off and leaching, a fraction of these pesticides ends 
up in aquatic water bodies in or surrounding agricultural areas (Fig. 1), thereby potentially affecting 
also non-target organisms (e.g. Lahr et al., 2000; De Schampheleire et al., 2007; Maltby and Hills, 
2008). A better understanding of the effects of pesticides under natural conditions is therefore much 
needed. 
  
Fig. 1 The pesticide cycle (adapted from R. Cooke, 2000), including various pathways by which pesticides can 






2. Permanent ponds and shallow lakes 
Ponds and small lakes are often located in agricultural areas, where these small-scale elements are 
important contributors to regional biodiversity (Søndergaard et al., 2005). Individual ponds can support 
a wide variety of ecological communities. In fact, they can contain more unique and scarce species 
than other water types, such as rivers and ditches (Williams et al., 2004; Jeffries, 2005). In addition, 
they have socio-economical value by providing water for cattle, recreation and industrial use 
(Brönmark and Hansson, 2002) and they are of ecological importance as stepping stones and 
corridors for biota (De Meester et al., 2005). However, conservation of ponds and shallow lakes has 
until recently often been neglected (Oertli et al., 2005; De Bie et al., 2008). In many regions, these 
small water bodies are threatened by anthropogenic disturbances, such as eutrophication, invasion by 
exotic species and pollution (Boothby, 2003; Curado et al., 2011). Moreover, the number of ponds has 
been decreasing. It is estimated that about 50% of the ponds in Europe have disappeared over the 
past century (Boothby and Hull, 1997; Oertli et al., 2005). 
Not only are ponds and shallow lakes of ecological importance, they can also serve as excellent model 
systems for ecological and ecotoxicological research, since they are still quite abundant, span a wide 
range of ecological gradients, can reflect changes at a larger scale and are relatively easy to sample 
(De Meester et al., 2005). In addition, pond ecosystems can be quite well represented in artificial 
ecosystems (micro- and mesocosms), allowing the testing of specific hypothesis, under semi-natural, 
controlled conditions (De Meester et al., 2005; Van Wijngaarden et al., 2005; De Jong et al., 2008). 
Zooplankton species living in these small aquatic systems form an integral part of the ecosystem, as 
the intermediate level between the primary producers (algae) and the secondary consumers (fish) 
(Miner et al., 2012). 
 
3. Dormant egg bank dynamics 
Many zooplankton taxa living in permanent and temporary standing waters reproduce asexually during 
the growing season, but switch to sexual reproduction when conditions deteriorate (Brendonck and De 
Meester, 2003; Decaestecker et al., 2009). They produce dormant stages to survive unfavourable 
environmental conditions, such as drought, low oxygen concentrations, food limitation, crowding and 
the presence of predators (Hairston et al., 1990; Alekseev and Starobogatov, 1996; Brendonck et al., 
1998; Slusarczyk et al., 2005; Fig. 2).  
 
Fig. 2 Scanning electron microscope images of dormant eggs or ephippia containing dormant eggs, of different 
zooplankton species: A) Triops cancriformis, B) Branchipodopsis wolfi, C) Thamnocephalus platyurus, D) Daphnia 





Dormant eggs can be dispersed to other water bodies (dispersal in space) or sink to the sediment 
layer (Brendonck and De Meester, 2003, Fig. 3). Dormant eggs can accumulate over the years in the 
sediment layer and form extensive mixed persistent dormant egg banks, analogous to plant seed 
banks (De Stasio, 1989; Hairston, 1996). Zooplankton dormant eggs can remain viable for hundreds of 
years (Hairston and Kearns, 1995; Caceres, 1998; Frisch et al., 2014). With densities in the sediment 
ranging between 103-106 eggs/m2 (Hairston, 1996; Brendonck and De Meester, 2003; Vandekerkhove 
et al., 2005), the dormant fraction is far from negligible.  
After dormant eggs are produced they enter diapause (Box 1), which can last from 2-3 months up to 
several years (Alekseev et al., 2007). During this period, dormant eggs are not responsive to hatching 
stimuli (refractory phase; Stross, 1987). Depending on, amongst others, the origin of the dormant 
eggs, diapause can be broken by cues, such as a cold shock, low oxygen conditions or a period of 
drought (Stross, 1971;  Doma, 1979; Vanvlasselaer and De Meester, 2010). When diapause is broken, 
the eggs become quiescent (Box 1) and sensitive to hatching cues. Each growing season only a 
fraction of the dormant eggs hatches, while the unhatched fraction remains dormant until a new 
opportunity arises. Zooplankton species from permanent habitats often show less variation and a 
higher hatching success, than species from unpredictable temporary systems (Brendonck, 1996; 
Caceres and Tessier, 2003). The presence of a dormant egg bank creates a link between the active 
aquatic phase and the dormant benthic phase, the so called benthic-pelagic coupling (Gyllström and 
Hansson, 2004; Fig. 3).  
 
 
Fig. 3 Dormant egg bank dynamics and processes related to the benthic-pelagic coupling (adapted from 






The benthic-pelagic coupling may strongly impact ecological and evolutionary dynamics (Caceres, 
1998; Gyllström and Hansson, 2004). When environmental conditions fluctuate, egg banks can 
function as a reservoir of species and genetic diversity through a mechanism called the “storage 
effect” (Chesson and Warner, 1981; Caceres, 1997), allowing coexistence of competitors that would 
otherwise not persist. Dormant egg banks integrate genetic variation that has accumulated over 
several growing seasons (Ellner and Hairston, 1994; De Meester et al., 2006), thereby creating a 
buffering effect in terms of population dynamics and genetic diversity (Caceres, 1997; Brendonck and 
De Meester, 2003).  
 
 
4. Ecotoxicology and environmental risk assessment 
While toxicology is the study of adverse effects of chemicals on living organisms (Timbrell, 2001) and 
has traditionally focused on human health, ecotoxicology is concerned with the study of harmful effects 
of chemicals on ecosystems (Walker, 2014). Following the publication of the book “Silent Spring” by 
Rachel Carson (Carson, 1962), the term ecotoxicology was introduced by Truhaut, suggesting a 
scientific discipline that combined ecology and toxicology (Truhaut, 1977). During this time period 
concerns were raised about the toxic side effects of extensive pesticide use on natural ecosystems. 
This was mainly related to the use of DDT and other organochlorine pesticides that had until then 
been much celebrated for their efficiency and socio-economical benefits. Indeed, this class of 
pesticides was found to be extremely persistent, biomagnified in the food chain and was later linked to 
reproductive failure and population declines in birds of prey (Grasman et al., 1998). Organochlorine 
pesticides have since then been restricted or phased out in many countries, but are still used today in 
developing countries, for example in malaria control (Köhler and Triebskorn, 2013). 
 
BOX 1. Definitions related to dormant eggs (adapted from Brendonck and De Meester, 2003) 
 
Dormancy = state of arrested development, regardless of cues needed for induction or 
termination, encompassing a wide spectrum of physiological states with quiescence and 
diapause as two extremes. 
Quiescence = state of dormancy that is an immediate response to an external limiting factor. In 
quiescent stages metabolism and development are resumed as soon as conditions are 
permissible. 
Diapause (refractory phase) = state of dormancy where an arrest of development is internally 
initiated. Diapausing organisms do not resume development, even when conditions are 
favorable, until diapause is broken. Conditions for breaking diapause and inducing hatching 
very much depend on the species and often even vary among populations of the same species. 
In this thesis no distinction will be made between diapausing and quiescent eggs, unless specifically 






Currently, in Europe and the U.S., extensive legislative frameworks exist to regulate pesticides and 
other chemicals. To ensure safe use, pesticides are evaluated for their potential impact on the 
environment as well as on human health, before they can be introduced onto the market. In Europe 
this is governed by EC Regulation No 1107/2009 (European Parliamant, 2009). Regulatory 
environmental risk assessment of pesticides consists of two parts, an exposure assessment and an 
effect (or hazard) assessment. In the exposure assessment, concentrations in the different 
environmental compartments are measured or predicted, to estimate “Predicted Environmental 
Concentrations” (PECs). For the effect assessment, standardized tests are performed according to 
specific (OECD) test guidelines, following a tiered approach, and “Predicted No Effect Concentrations” 
(PNECs) are determined (European Commission, 2002; Walker, 2006). The comparison of PEC and 
PNEC values is used to assess potential risk: if PEC / PNEC < 1, there is assumed to be no risk 
(Walker et al., 2001). 
While the ultimate protection goal in environmental risk assessment is at the ecosystem level, effects 
of toxicants can be studied at different levels (tiers) of biological organization, ranging from the 
(sub)individual level, to population, community and meta-community level (Parker et al., 1999; Walker, 
2014). At the first tier of ecotoxicological effect assessment, single-species aquatic and terrestrial 
ecotoxicity tests are performed (Bradbury et al., 2004; EFSA, 2013). For the aquatic component, 
typically organisms of three trophic levels are considered: algae and/or macrophytes (primary 
producers), invertebrates (primary consumers) and fish (secondary consumers) (De Jong et al., 2008; 
Walker, 2014). In these screening tests, biochemical and physiological effects may occur on a 
relatively short time scale and can often be directly linked to chemical exposure. However their 
ecological relevance might be limited. If this first screening indicates potential concerns, registrants are 
required to carry out further higher tier testing and demonstrate there is no unacceptable impact on 
non-target organisms under realistic field conditions (EC, 2009). Studies of toxicant effects on the 
population or community level have a greater ecological relevance, but the causality of effects is often 








- Short time-span (hours-weeks)
+ Direct link between stressor and effect 
+ Repeatability between experiments 
and laboratories 
Outdoor mesocosm / field studies
+ Represent aquatic communities 
+ Include species interactions 
+ (Semi-)natural conditions 
+ Longer time-span (months-years)
- Causality of effect chemical stressor ?
- Variability (time, replicates)
- Costly 





Artificial model ecosystems (e.g. micro- or mesocosms) are often used as surrogates for actual field 
testing or surveys (Campbell et al., 1999; De Jong et al., 2008). Compared to single species 
ecotoxicity tests, mesocosm studies show more ecological realism and allow to consider species 
interactions, indirect effects and the potential for communities to recover from, for example, pesticide 
exposure (Boxall et al., 2002; Solomon and Sibley, 2002; Box 2). In general, tests across the different 
levels of biological organisation are deemed necessary to assess potential impacts of toxicants and 
provide sufficient data for environmental risk assessment (Clements, 2000). However, ecotoxicological 
effect assessments for regulatory purposes are mainly based on single species tests, making 
extrapolation to potential effects at the population or community level questionable. Over the past 
decades there has been a growing interest in the development of more sophisticated and ecologically 
relevant methods for ecotoxicity testing and environmental risk assessment (e.g. Chapman, 2002; 
Breitholtz et al., 2006; Relyea and Hoverman, 2006; Schmitt-Jansen et al., 2008). Indicated as 
important issues were, amongst others, increasing long-term testing of toxicants under 
environmentally relevant exposure conditions, focusing on multiple ecologically relevant species (and 
contaminants), and testing the full or most sensitive part of their life-cycle. 
   
5. Impact of pollutants on dormant egg bank dynamics 
Anthropogenic stressors could impact both the active and dormant phase of zooplankton populations 
and communities, through the following scenario´s (adapted from Angeler and Garcia, 2004; Fig. 4): 1) 
impact on development and hatching of dormant eggs; 2) effects on hatchling survival and 
performance in the aquatic phase; 3) impact on dormant stages before activation (in diapause), 
causing egg mortality or irreversible disruption of the dormancy-break system; 4) effects during the 
sexual reproductive phase, affecting dormant egg production. While aquatic invertebrates are routinely 
tested in ecotoxicological studies (especially the model organism Daphnia magna), most of these 
studies focus on a small part of their life cycle: asexual reproduction of clonal lineages (scenario 2). 
Studies investigating effects of pollutants on dormant life stages and the sexual reproductive phase 




Fig. 4 Potential scenarios through which toxicants 
can impact the active and dormant phase of 
zooplankton populations and communities:  
1) impact on hatching process;  
2) effects on hatchling survival and performance;  
3) impact on dormant stages before activation;  
4) effects during sexual reproductive phase.  
Also combinations of one or more of the above 





Several studies have assessed the effects of various types of contaminants on the viability and 
hatching process of zooplankton dormant eggs (scenarios 1 and 3). The biocides sodium hypochlorite 
and menadione were tested to determine their potential for use in treating ship ballast tanks, in order 
to avoid introduction of exotic/invasive species through their dormant stages. Both biocides affected 
hatching success of D. mendotae dormant eggs, but effect levels were higher compared to other D. 
mendotae life stages (Raikow et al., 2006; Raikow et al., 2007). To evaluate potential effects of fire 
retardant treatment on wetlands, Angeler et al. (2005) exposed wetland sediments to the fire retardant 
Fire Trol 943 and found a significant negative effect on emergence of the focal species D. curvirostris. 
At a zooplankton community level, they observed a decrease in taxon richness and hatchling 
abundances after fire retardant exposure (Angeler et al., 2006). Henri et al. (2014) also observed 
negative effects of toxicant exposure on a zooplankton community level; hatching of dormant eggs 
was severely impaired after exposure to mining effluent, mainly containing heavy metals. Marcial et al. 
(2005) tested several pesticides (diazinon, fenitrothion, methoprene and isoprothiolane) and 
concluded they affected hatching of the rotifer Brachionus plicatilis dormant eggs, even at lower 
concentrations than affecting growth and reproduction. Copepod dormant eggs (Acartia pacifica) were 
also shown to be much more sensitive to heavy metal (copper, lead and cadmium) exposure than 
benthic adults (Jiang et al., 2007). Several tests have been performed on Artemia cysts, but the results 
are inconclusive. Varó et al. (2006) and Sarabia et al. (2003, 2008) reported no adverse effects of 
metals (zinc and mercury) and pesticide (chlorpyrifos) exposure on hatching of Artemia cysts. 
Bagshaw et al. (1986) and Rafiee et al. (1986), on the contrary, reported that hatching of dormant 
eggs was more sensitive to heavy metal (cadmium and zinc) exposure than hatched individuals. 
Moest et al. (2015) studied hatching success and hatchling survival of D. longispina ephippia, after 
exposure to a mixture of organic contaminants. This was the first study to report an increase in 
hatching success after exposure to toxicants, combined with a decrease in hatchling survival.  
A number of studies have shown that pesticides, mainly insect growth regulators, are able to affect 
sexual reproduction in aquatic inverbetrates (Olmstead and LeBlanc, 2000, 2003; Tatarazako, 2003; 
Wang et al., 2005; scenario 4). These chemicals induced the production of male offspring in Daphnia 
clones, that produce female offspring under control conditions (Oda et al., 2005). In addition, 
methoprene, also an insect growth regulator, was able to significantly reduce dormant egg production 
in D. magna (Olmstead and LeBlanc, 2001a). This was also observed for the surfactant nonylphenol 
(Shurin and Dodson, 1997) and the biocide tributyltinoxide (Saika et al., 2006). Marcial and Hagiwara 
(2007) exposed the rotifer B. plicatilis to the pesticide diazinon during dormant egg production and 







6. Research questions and general methodology 
As introduced in the previous sections, the ecological realism of standardized testing for 
ecotoxicological effect assessment is relatively low. In addition, despite its ecological importance, our 
understanding of the effects of toxicant exposure on zooplankton dormant egg bank dynamics is 
limited. With this PhD research we aim to provide a better understanding of the effects of toxicant 
exposure on dormant egg bank dynamics, by studying different endpoints related to the dormant 
component in zooplankton populations and communities.  
Specifically, we posed the following research questions:  
1) Which part of the life-cycle in the model organism D. magna is most sensitive to toxicant 
exposure? Are standard first-tier screening studies using D. magna sufficiently conservative? 
2) What new information regarding the sensitivity and recovery potential of aquatic communities 
can be obtained from including effects on dormant egg bank dynamics in higher tier 
ecotoxicological studies? 
To investigate these issues we used zooplankton communities from permanent aquatic systems in 
Belgium, with as focal species the model organism D. magna. We tested the effects of a number of 
different model pesticides with a different mode of action, in both laboratory experiments and a 
mesocosm study.  
 
7. Model pesticides 
Pesticides are chemicals that are “used with the intention of causing damage to pest species and 
other organisms that threaten the health or well-being of humans” (Walker, 2014). For the experiments 
in this thesis, we have used five model pesticides with a different mode of action: fenoxycarb, carbaryl, 
chlorpyrifos, deltamethrin and atrazine (Table 1).  
Fenoxycarb is an insect growth regulating insecticide (IGR), which specifically attacks the endocrine 
system in insects (EFSA, 2010). Fenoxycarb mimics juvenile hormones, that are naturally present in 
insects and involved in growth and development. Under normal conditions, a drop in the level of 
juvenile hormones in insects causes insects to molt or metamorphose into a next life-stage. When 
exposed to IGRs, juvenile hormones continue to circulate, signaling the organism to stay in its current 
life stage (Brown, 2006). In addition to mimicking juvenile hormones present in target insects 
(Lepidoptera and Tortricidae in fruit crops), several studies have demonstrated that IGRs are also able 
to mimic methyl farnesoate. This is an important terpenoid hormone in crustaceans involved in the 
regulation of embryonic development, growth and reproduction (reviewed in LeBlanc, 2007). Exposure 
to juvenile hormone mimicking substances has been shown to impact reproduction in zooplankton 
species, at very low concentrations (Olmstead and LeBlanc, 2001b; Abe et al., 2015). 
  
 
Table 1. Overview of the model pesticides used in this thesis, their structure, chemical class, mode of action, half-life in water-sediment systems and octanol-water partitioning 
coefficient (log Kow) (source: Pesticide Properties Database). In addition effect levels in the model organism Daphnia magna are summarized, as well as European environmental 
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0.6 14          
2.3 - 5.9 15   
16 - 47 16 
1 Pesticide Atlas (the Netherlands, 2013); 2 EFSA (2010); 3 Coors et al. (2009); 4 EFSA (2006); 5 PPDB; 6 Palma et al. (2008); 7 EC (2003); 8 Süß et al. (2006); 9 Walters et al. (2003); 






Carbamate insecticides, such as carbaryl, and organophosphate insecticides, like chlorpyrifos, are 
both readily biodegradable and have the same mode of action. They act as cholinesterase inhibitors, 
causing overstimulation of the nervous system (Brown, 2006). By binding to the enzyme acetylcholine 
esterase, that is normally responsible for breaking down acetylcholine in the nerve synapses, 
acetylcholine builds up and signaling becomes continuous, preventing muscles to relax and respond 
to subsequent synaptic stimuli (Walker, 2014). Binding of carbamate insecticides is readily reversible, 
whereas binding of organophosphate insecticides is irreversible. Both pesticides are highly acutely 
toxic to a wide range of organisms, especially birds and aquatic invertebrates (EFSA, 2006). 
Deltamethrin is a pyrethroid insecticide, that can affect the nervous system by acting on sodium 
channels of nerve membranes, resulting in continuous nerve impulse transmissions and tremors 
(Brown, 2006). Deltamethrin is widely used on green areas, a variety of crops and vegetables, against 
e.g. mites, ants and beetles (EC, 2003). In the environment deltamethrin binds to soil and sediments, 
but is highly toxic to fish and aquatic invertebrates while in the water phase (Toumi et al., 2013) and is 
reported to cause algal blooms in aquatic systems (Bhanu et al., 2011). There has been some concern 
and controversy about possible side effects of deltamethrin exposure on bees and other pollinators 
(Dai et al., 2010; Walker, 2014). 
Atrazine
 
 is the only herbicide we used as model pesticide. It inhibits photosynthesis in plants and is 
mainly used for the control of grassy and broadleaf weeds (especially corn). It is one of the most 
widely applied herbicides in the U.S. and commonly detected in surface waters (EPA, 2013). Atrazine 
has a low acute toxicity, but there are some reports on potential endocrine effects in invertebrates 
(Olmstead and LeBlanc, 2003; Stoeckel, 2008; Palma et al., 2009). 
8. Study populations and communities 
As starting material for the experiments performed in this thesis, we used dormant eggs from natural 
populations and a laboratory population. For the natural populations, we selected five permanent 
shallow lakes, all situated in the region around Leuven, Belgium: Langerodevijver (LRV), Oud-
Heverlee Noord (OHN), Oud-Heverlee Zuid (OHZ), Oud-Heverlee P (OHP) and Zoete Waters 4 
(ZW4). Since land use intensity around water bodies (especially distance to crops) was proven to be 
an important parameter influencing the tolerance of D. magna populations to toxicant exposure, we 
selected only lakes that were not surrounded by crops for at least 200 m (Google Earth, photographs 
2009-2010). In addition, all of these lakes are known to contain a high density of cladoceran dormant 
eggs, including D. magna ephippia (Louette et al., 2007; Coors et al., 2009; Tom de Bie, pers. com.). 
We sampled the active egg bank (Caceres, 1998) of these lakes in 2011. LRV was sampled again in 
2012 and 2013. Sediment was always collected in the period between December to February, when 
dormant eggs in the sediment were no longer in the refractory (unresponsive) phase as they had 
already received a natural cold shock, but before the main zooplankton hatching peak, that in these 
systems normally takes place in early spring (Vandekerkhove et al., 2005). Sediment with dormant 





In addition to dormant eggs from the natural populations, we also used D. magna dormant eggs from a 
standardized laboratory culture (MicroBioTests Inc, Mariakerke, Belgium). These dormant eggs are 
internationally used as starting material to obtain neonates for use in standard ecotoxicity assays. 
Hatched neonates of these laboratory cultures have a sensitivity to reference toxicants that is similar 
to parthenogenetic offspring from standardized laboratory clones (Persoone et al., 2009).  
 
9. Model organisms 
In our experiments we studied effects at the population level, using D. magna as a model species. In 
addition, we also studied effects at the zooplankton community level (Fig. 5). Daphnia is a well-
established model organism in ecological, eco-genomical and evolutionary research (Lampert and 
Kinne, 2011; Miner et al., 2012). They are also frequently used as model organisms in ecotoxicological 
research, as representative for aquatic invertebrates, based on their relative sensitivity to toxicant 




Fig. 5 A selection of zooplankton species present in our study communities: A) Ceriodaphnia quadrangula, B) 
Chydorus sphaericus, C) Scapholeberis mucronata and D) Alona rectangula (photographs by Dr. Ralf Wagner). 
 
Species of the genus Daphnia (Branchiopoda, Cladocera, Daphniidae) are planktonic crustaceans, 
that can be found in a wide variety of water bodies, ranging from temporary rock pools to large lakes 
(Ebert, 2005). Especially in temperate regions, Daphnia are often one of the most significant 
components of zooplankton communities. They play a key role in many aquatic systems, both as the 
preferred food source for macro-invertebrates and planktivorous fish (secondary consumers), and as 
the main grazers of phytoplankton (primary producers) (Miner et al., 2012). Like many other 
cladocerans, most Daphnia species reproduce by cyclical parthenogenesis, which is a mixed 
reproductive strategy, combining both sexual and asexual reproduction (Bulmer, 1982; De Meester et 












Fig. 6 A) D. magna parthenogenetic female; B) D. magna ephippial female; C) Opened D. magna ephippium with 
two dormant eggs and their inner envelope (two halves) which normally surrounds the dormant eggs.  
 
During the growth season, when environmental conditions are favourable, Daphnia reproduce clonally 
(Fig. 6A). After every molt females produce a clutch of parthenogenetic eggs, that develop directly into 
genetically identical females. When environmental conditions deteriorate, they can switch to sexual 
reproduction (Innes and Singleton, 2000; Decaestecker et al., 2009). The production of males is 
induced, which in turn fertilize sexual females, leading to the formation of dormant eggs (Fig. 6B). 
These dormant eggs are encapsulated in an protective structure, called ephippium (Fig. 6C), 
consisting of a chitinuous membrane that is formed around the brood pouch (Schulz, 1977). With the 
subsequent moult, the old carapax including the ephippium is shed (Zaffagnini, 1987). Since these 
dormant eggs do not hatch immediately, in Daphnia sexual reproduction is linked to dormancy 
(Alekseev et al., 2007; Miner et al., 2012; Box 1). Once quiescent, hatching can in general be induced 
by exposure to conditions that mimic spring: increase in temperature, long-day photoperiod and 
changing of medium (Alekseev et al., 2007; Vanvlasselaer and De Meester, 2010). 
Parthenogenetic eggs are surrounded by two membranes: an outer membrane (0.35 µm thick) and a 
thin inner membrane. Dormant eggs have thick multi-layered membranes: an outer membrane (0.70 
µm), a middle membrane (1.40 µm) and a thin inner membrane (0.10 µm) (Seidman and Larsen, 
1979; Zaffagnini, 1987). In addition, dormant eggs are encapsulated in an ephippium (Schultz, 1977; 
Ebert, 2005:). Both the ephippium and the thick membrane structure, protect dormant eggs from 
mechanical damage and digestive enzymes of organisms, like fish and birds (Mellors, 1975; 








10. Outline of the thesis 
The aim of this PhD research is to provide a better understanding of the effects of pesticide exposure 
on dormant egg bank dynamics, by studying different endpoints related to the dormant component in 
zooplankton populations and communities. The thesis consists of two main parts (schematic overview 
in Fig. 7). The first part focuses on population level effects, by investigating the impact of pesticide 
exposure on different endpoints related to dormant life stages of the cyclic parthenogenetic model 
organism D. magna, in a laboratory setting. The second part focuses on effects of pesticide exposure 
at the community level, looking at effects both on the active and dormant component of zooplankton 
communities in semi-natural aquatic model ecosystems (i.e. mesocosms). 
To get more insight into the acute and chronic effects of pesticide exposure on D. magna dormant 
eggs, we have conducted a series of laboratory experiments (chapters 1 - 4). Experiments presented 
in chapters 1 - 3 focus on pesticide exposure of dormant eggs during, or just prior to, the hatching 
process. In chapter 1 we screened five model pesticides with a different mode of action for their 
effects on development and hatching of D. magna dormant eggs. We compared these effects with 
effect levels in parthenogenetic eggs. In chapter 2 we used two of the previously tested model 
pesticides (carbaryl and fenoxycarb), to not only test for direct effects of pesticide exposure on 
development and hatching of the dormant eggs, but also to test for effects on survival and life-history 
characteristics of hatched individuals. In chapter 3 we wanted to reveal the most sensitive embryonic 
developmental stage for pesticide exposure (fenoxycarb). In addition, we assessed the potential for 
pesticide bioaccumulation into the dormant eggs, during different stages of their development. We also 
compared effects on decapsulated dormant eggs versus dormant eggs encapsulated in their 
ephippium, to better understand the protective value of the ephippial casing against chemical 
exposure.  
In chapter 4 we tested for effects of pesticide exposure during the sexual reproductive phase. We 
exposed a mix of male and female D. magna to a pesticide (fenoxycarb), while simultaneously 
inducing sexual reproduction. This allowed us to test for impact on sex ratio of parthenogenetic 
offspring and effects on dormant egg production. We subsequently used the produced dormant eggs 
in a hatching and a life table experiment to assess whether pesticide exposure during dormant egg 
production had effects on embryonic development, hatching, and life history parameters of hatched 
individuals.  
To better understand the environmental relevance of our findings in the laboratory experiments, we 
conducted a two year outdoor mesocosm experiment of which the results are presented in the second 
part of this thesis (chapter 5). In this experiment, the impact of repeated pesticide exposure (carbaryl) 
on both the active and dormant component of zooplankton communities was studied. To test 
specifically for effects of pesticide exposure on newly produced dormant eggs (quantity and quality) as 
well as on dormant eggs already present in the sediment (to assess the buffering capacity of the egg 







Finally, we integrated the conclusions of all chapters in a general discussion section in which we 





Fig. 7 Schematic overview and general outline of the two major parts of this thesis: effects of pesticide exposure 
on dormant life stages were studied at the zooplankton (Daphnia magna) population (chapters 1-4) and 
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Susceptibility of Daphnia magna eggs to pesticides: a comparison between 













In the framework of environmental risk assessment, chemical substances are frequently tested on 
Daphnia in acute and chronic ecotoxicological tests according to internationally accepted guidelines, 
focusing on neonate mortality and reproductive endpoints of clonal lineages. In addition to these 
standard tests, short in vitro assays have been used to assess potential teratogenic effects of 
chemicals using parthenogenetic eggs. However, Daphnia reproduce by cyclical parthenogenesis, 
alternating asexual (clonal) and sexual reproduction. During the sexual reproductive phase, dormant 
eggs are produced, that can survive harsh environmental conditions and remain viable for decades to 
centuries. Even though they are essential for the long-term persistence of Daphnia populations in 
natural aquatic ecosystems, not much is known about the effects of chemical exposure on these 
dormant eggs. To compare the sensitivity of parthenogenetic and dormant eggs to pesticide exposure, 
we screened five pesticides with a different mode of action for their impact on hatching and 
development of both parthenogenetic and dormant eggs of D. magna from the same population. Our 
results show that all model pesticides are able to affect the hatching process in both egg types, mainly 
by inducing malformations in developing embryos. Fenoxycarb was the only model pesticide that also 
negatively affected hatching in dormant eggs. The severity of the deformations and effect levels 
differed between pesticides and egg types. In general, more severe effects (deformations of carapax 
and second antennae) were observed at the highest tested exposure concentrations for all pesticides, 
except atrazine, and occurred at 10-fold lower concentrations in parthenogenetic eggs compared to 
dormant eggs. When comparing our results with effect levels measured in traditional screening tests 







In the framework of environmental risk assessment, chemicals are screened for their potential toxic 
effects on aquatic ecosystems. In general, organisms of three trophic levels are tested: algae and/or 
macrophytes (primary producers), invertebrates (primary consumers) and fish (secondary consumers) 
(Walker, 2014). Species of the genus Daphnia (Branchiopoda, Cladocera) are frequently used as 
model organism representing aquatic invertebrates, based on their relative sensitivity to toxicant 
exposure, fast generation time and easy laboratory culturing (Lampert and Kinne, 2011). Traditionally, 
chemical substances are tested on Daphnia in an acute 48-hour test based on neonate 
mortality/immobility (OECD Guideline no. 202; OECD, 2004) and in a chronic 21-day test measuring 
reproductive endpoints (OECD Guideline no 211; OECD, 2012). In addition to these standard assays, 
several studies have assessed potential teratogenic (developmental) effects of chemicals using short 
in vitro assays with Daphnia embryos (Ohta et al., 1998; Sobral, 2001; Kast-Hutcheson et al., 2001; 
Mu and LeBlanc, 2002, 2004; Palma et al, 2009a, 2009b, 2011). These assays use parthenogenetic 
eggs, which are genetically identical and easy to collect in large quantities (Ohta et al., 1998; Kast-
Hutcheson et al., 2001). Combined with a fast developmental time (about three days) and generally 
high hatching success, parthenogenetic eggs are very suitable for use in ecotoxicological screening 
tests (Palma and Barbosa, 2011). Because a number of pesticides were found to cause a dose-related 
increase in developmental abnormalities after embryonic exposure (e.g. Kast-Hutcheson et al., 2001; 
Mu and Leblanc, 2004; Hassold and Backhaus, 2009; Palma et al., 2009a, 2009b) at effect levels 
comparable to or lower than those found in the classic Daphnia assays, this early life-stage test is 
proposed by some researchers as a fast, cost-effective alternative to the classic 21-day Daphnia 
reproduction assay (Palma et al., 2009a; Sobral, 2001; Abe et al., 2015). 
Except for some obligately parthenogenetic strains, most Daphnia species, including the most 
commonly used, D. magna, do not reproduce solely by parthenogenetic reproduction (Decaestecker et 
al., 2009). Daphnia switch from asexual reproduction to the sexual production of dormant life stages 
when conditions deteriorate (Ebert, 2005; Walsh, 2013). These encapsulated dormant eggs (ephippia) 
are resistant to freezing, drought and predation (Mellors, 1975; Radzikowski, 2013), enabling 
populations to persist even in harsh and unpredictable environments (Gyllström and Hansson, 2004;  
Brendonck and De Meester, 2003). Despite its ecological importance, the sexual part of the 
reproduction cycle in Daphnia is generally not taken into account in ecotoxicological studies (Simpson 
et al., 2014). To date not much is known about the sensitivity of dormant eggs to chemical exposure 
(Brendonck and De Meester, 2003). The few studies that have been done so far indicate that both 
decapsulated and encapsulated dormant eggs of Daphnia can be affected by toxicant exposure 
(Angeler et al., 2005; Raikow et al., 2006, 2007; Navis et al., 2015; Chapter 3). For rotifers, hatching of 
sexual dormant eggs was found to be even more sensitive to pesticide exposure than asexual eggs 






With this study, we aim to improve our understanding of the effects of chemical exposure on D. magna 
eggs during the hatching process, using a simple screening method. Therefore, we selected five 
model pesticides with a different mode of action, which are known to affect development of D. magna 
parthenogenetic eggs (Mu and Leblanc, 2004; Palma and Barbosa, 2011; Palma et al., 2009a, 2009b; 
Toumi et al., 2013). We compared the impact of these pesticides on development and hatching of both 
parthenogenetic and decapsulated dormant eggs of D. magna from the same population. Dormant 
eggs are surrounded by an additional membrane (Zaffagnini, 1987) and are able to survive extreme 
physical conditions (Radzikowski, 2013). We therefore expected decapsulated dormant eggs to be 
less sensitive to pesticide exposure than parthenogenetic eggs.  
 
Material & Methods 
Collecting parthenogenetic and dormant Daphnia magna eggs 
As starting material for the experiments we used ephippia isolated from the sediment of 
Langerodevijver, a shallow lake located in rather pristine environment (natural area “Doode Bemde”, 
Leuven, Belgium). Sediment of this lake contains a high density of D. magna ephippia, with a hatching 
success of 80-90% under optimal hatching conditions and after decapsulation (Navis et al., 2013, 
2015; Chapter 2, 3). The top 5-10 centimeters of the dormant egg bank (active egg bank: Caceres, 
1998) was sampled in the winter period of 2012-2013. Pooled sediment samples were sieved (1 mm 
and 250 µm sieves) and stored for a minimum of one year at 4°C in the dark, before ephippia were 
manually isolated.  All manipulations were performed in a room with only red light (700 nm), to prevent 
unwanted activation of the dormant eggs by light exposure. The storage period ensured that diapause 
was terminated, so that the eggs became quiescent and hatching could be induced under favorable 
conditions (Stross, 1971; Vandekerkhove et al., 2005). Isolated ephippia containing dormant eggs 
were kept under storage conditions until the start of the experiment. Shortly before the start of the 
experiment, they were mechanically decapsulated with metal tweezers. Decapsulated dormant eggs 
were used for the experiments (as opposed to encapsulated eggs) in order to track the development of 
the embryos, to maximize exposure, and to have an exposure regime comparable to that of the 
parthenogenetic eggs. 
To produce parthenogenetic eggs, 100 ephippia were first hatched in the laboratory and hatchlings 
were cultured for approximately one year in the laboratory (temperature 20±2°C, photo regime of 16h 
light : 8h dark, feeding on Scenedesmus obliquus). Two months before the start of the experiment, 15 
individuals per clone (eight clones in total) were transferred to 1 L beakers containing ADaM-medium 
(Klüttgen et al., 1994), fed daily with Scenedesmus obliquus (1*105 cells/mL) and medium was 
renewed every two days. Adult females from these eight clones were used to collect parthenogenetic 
eggs of their second and third brood. Females were screened daily and when containing eggs in the 
first developmental stage (Kast-Hutcheson et al., 2001), eggs were flushed out of the brood pouch 






For the experiment, five model pesticides with a different mode of action were selected: 1) fenoxycarb, 
a juvenile hormone mimicking insecticide (CAS no. 72490-01-8); 2) carbaryl, an acetylcholine esterase 
inhibitor (reversible binding), carbamate insecticide  (CAS no. 63-25-2); 3) chlorpyrifos, an 
organophosphate insecticide, irreversibly inhibiting acetylcholine esterase (CAS no. 2921-88-2); 4) 
atrazine, a triazine herbicide, blocking photosynthesis (CAS no. 1912-24-9); and 5) deltamethrin, a 
sodium channel modulator, pyrethroid insecticide (CAS no. 52918-63-5). All chemicals used were 
analytical standards (minimum purity of 99.8%), purchased from Sigma-Aldrich (Germany). Except for 
carbaryl, all selected pesticides were previously tested with D. magna parthenogenetic eggs and 
reported to have effects on embryonic development (Mu and Leblanc, 2004; Palma et al., 2009a; 
Palma and Barbosa, 2011; Toumi et al., 2013). Atrazine was the only herbicide used as model 
pesticide and was selected based on reports of potential endocrine effects in different invertebrate 
species (Olmstead and LeBlanc, 2003; Stoeckel, 2008; Palma et al., 2009), indicating atrazine not 
only affects targeted plants, but it can have a broader ecological impact on non-target organism 
groups.Test concentrations used in our experiment were based on effect levels for hatching and 
embryonic development as reported in these studies and on the results of pilot experiments (S. Navis, 
unpublished data). Although no information was available for its effect on parthenogenetic eggs, we 
selected carbaryl because previous research indicated chronic effects on hatchling survival after 
exposure of dormant eggs (Navis et al., 2013; Chapter 2). Carbaryl test concentrations were based on 
the sensitivity of D. magna neonates in standard acute toxicity tests (Coors et al., 2009; EFSA, 2006) 
and earlier hatching experiments with dormant eggs (Navis et al., 2013; Chapter 2). All test 
substances were dissolved in absolute ethanol (purity min. 99.8%, VWR International, France). The 
concentration of ethanol was the same in all treatment solutions and in the solvent control (0.05% 
ethanol).  
Hatching experiment 
In a hatching experiment development and hatching of D. magna dormant and parthenogenetic eggs 
were monitored upon exposure to the five pesticides. For parthenogenetic eggs, we tested for each 
pesticide four concentrations and two controls (blank and solvent): in total 5 x 4 = 20 treatments + 2 
controls. Carbaryl, fenoxycarb and atrazine were tested at 0.1, 1, 10 and 100 µg/L. Chlorpyrifos and 
deltamethrin were tested at 0.01, 0.1, 1 and 10 µg/L. All test concentrations mentioned in this test are 
nominal exposure concentrations. In each of the 22 treatments, 48 parthenogenetic eggs were 
exposed, with six eggs per clone per treatment. We specifically choose 48 eggs to be able to test a 
number of different clones (8 clones), representing the natural variation present within the study 
population. In addition, we aimed to have a sufficient number of eggs per treatment allowing detection 
of deviations from hatching success and development in the control treatments. Eggs were placed 
individually into the wells of a 48-wells plate (polystyrene, non-coated, sterile plates, Greiner Bio-One 
GmbH) and exposed to the respective pesticide concentration at 20±2°C and a photoperiod of 16h 






Because we expected dormant eggs to be less sensitive, the concentration gradient was expanded 
with one additional test concentration, another factor of 10 higher (in total 5 x 5 = 25 treatments + 
blank and solvent control). In each treatment 48 dormant eggs were tested, which is equal to the 
number of parthenogenetic eggs tested per treatment. Eggs were placed individually in the wells of a 
24-wells plate and exposed to the respective pesticide concentration. Treatments were randomized 
over plates in such a way that each treatment was allocated to four randomly assigned half multiwell 
plates. Hatching was initiated by light activation (47.2 µmoles/m2/s) at 20±2°C and a photoperiod of 
16h light: 8h dark.  
Hatching characteristics (hatching success and timing of hatching) and developmental malformations 
were subsequently monitored in all plates for 10 days. A hatchling with only deformations of the tail 
spine was considered to have minor deformations, since this type of deformations is generally 
reversible when hatchlings are reared under optimal conditions (Mu and Leblanc, 2004; S. Navis, 
personal observation; Fig. 1D). Hatchlings and embryos with additional deformations of the carapax 
and/or second antennae were considered severely deformed (Fig. 1B+E).  
 
 
Fig. 1 Photographs illustrating pesticide induced deformations in D. magna dormant eggs and hatchlings. On the 
top row D. magna embryos in the final developmental stage before hatching, A) a dormant egg from control 
treatment, and B) from a pesticide treatment (deformations of the carapax, second antennae and compound eye). 
On the bottom row D. magna hatchlings of dormant eggs with C) no deformations (control treatement), D) minor 







Since we exposed parthenogenetic eggs to four test concentrations per pesticide and dormant eggs to 
five exposure concentrations, and the exposure concentrations differed per pesticide (based on 
previously published effect levels), we analysed the effects of each pesticide per egg type separately. 
Hatching success and developmental malformations of the embryos were related to exposure to each 
respective pesticide, using generalized linear models (GLM) with a logit-link function and binomial 
distribution, followed by sequential Bonferroni-correction to correct for multiple testing (Holm, 1979). 
Effect levels were estimated for all pesticides (EC50 values) using the DRC-package in R (Ritz and 
Streibig, 2005). Effects of the pesticides on timing of hatching (day of maximum hatching) were 
evaluated using one-way ANOVA´s followed by Tukey´s HSD post-hoc tests. Plate identity was taken 
into account by including it as a random blocking factor. As no significant differences were found 
between the blank and solvent controls, only results for the blank controls are presented. Statistical 




Under control conditions, 94.9% of the parthenogenetic eggs hatched, all of them after three days and 
without any developmental malformations (Fig. 2). For the decapsulated dormant eggs, 89.6% 
hatched in the control treatment, with the peak of hatching after three days, and with 6.3% of the 
embryos showing developmental deformations (curved tail spine and/or underdeveloped second 
antennae; Fig. 2). All five pesticides significantly increased malformations in developing embryos of 
both parthenogenetic and dormant eggs (Fig. 2, Table 1). Low exposure levels mainly resulted in 
deformations of the tail spine (curved), while higher exposure concentrations caused severe 
(additional) malformations of the antennae and/or carapax (Fig. 1).  
 
Table 1. Results of generalized linear model on effects of pesticides on hatching success and embryonic 
development (deformations) in both parthenogenetic and dormant eggs of D. magna, after a 10 day exposure 

























31.63 < 0.001 * 
 









134.01 < 0.001 * 
 
50.08 < 0.001 * 
 


















134.28 < 0.001 * 
Deltamethrin 2.20 0.699 
 











The effect levels (EC50) for developmental malformations of all tested pesticides are summarized in 
Table 2. Fenoxycarb induced malformations already at the lowest test concentration of 0.1 µg/L in 
both parthenogenetic and dormant eggs (Fig. 2C+D). However, most of these deformations were 
minor (curved tail spine), while severe deformations were abundant only after exposure to 1000 µg/L, 
in dormant eggs. Atrazine predominantly caused deformations of the tail spine in both egg types (EC50 
for parthenogenetic eggs was above 100 µg/l and for dormant eggs 70.1 µg/L, respectively; Fig. 
2E+F). The other three pesticides (carbaryl, chlorpyrifos and deltamethrin) all severely impacted 
embryonic development (deformations of carapax and second antennae) at the highest test 
concentrations, both in parthenogenetic and dormant eggs (Fig. 2A+B, Fig. 2G+H and Fig. 2I+J, 
respectively). 
Table 2. Effect levels (EC50 with 95% confidence intervals) of pesticides on development of parthenogenetic and 
dormant eggs of D. magna (as observed in the present study), compared to effect levels on neonates (acute 
toxicity according to OECD 202, 2004), parthenogenetic reproduction (chronic toxicity according to OECD 211, 
2012) and embryotoxicity of parthenogenetic eggs (from literature). All effect levels are expressed in µg/L. 







Parth. eggs  
(literature) 
  EC50 EC50 48h EC50 21d  NOEC ECx 
Carbaryl 23.3 (9.6-37.3) 358.8 (199.0-518.6) 6-17 1,2 n.d. 1 -  
Fenoxycarb < 0.1 < 0.1 500 3 0.002-3.2 3 EC80 = 3 7 
Atrazine > 100 70.1 (0-143.0) 3550 4,5 250 4,5 EC50 > 1  8 
Chlorpyrifos 3.9 (1.6-6.2) 1.1 (0.2-1.9) 0.1-0.7 4,5 4.6 4,5 EC50 = 0.19 9 
Deltamethrin 1.3 (0.6-2.0) 6.7 (2.8-10.6) 0.1-0.6 4,6 0.004 4,6 EC5 = 0.3 10 
1 Coors et al., 2009; 2 EFSA, 2006; 3 EFSA, 2010; 4 PPDB; 5 Palma et al., 2008; 6 EC, 2003; 7 Mu and LeBlanc, 
2004; 8 Palma et al., 2009; 9 Palma and Barbosa, 2011; 10 Toumi et al., 2013. 
In decapsulated dormant eggs, dose-related effects on hatching success were observed after 
fenoxycarb exposure (reduction of 50.0% at 1000 µg/L; Fig. 2D, Table 1). In addition, fenoxycarb also 
significantly delayed hatching (F = 21.88, p < 0.001). At the highest test concentration of 1000 µg/L, 
the day of maximum hatching was 4.5 ± 0.2 (mean ± st.error), which was on average 1.5 days later 
than in the control treatments (p < 0.001). The other pesticides did not induce any significant effects 
on timing or success of hatching in dormant eggs (p > 0.05; Table 1). In parthenogenetic eggs, 
carbaryl had significant negative effects on hatching at 10 µg/L (Fig. 2A). However, no significant 
decrease in hatching was observed at the highest test concentration of 100 µg/L. The other pesticides 
did not show any significant effects on success and timing of hatching in parthenogenetic eggs (p > 
0.05; Fig. 2E-J, Table 1). 
 
 
Fig. 1 (right page) Effects of pesticide treatment on cumulative hatching percentage 10 days after exposure (light 
grey bars) and on the percentage of deformed embryos plus hatchlings (middle and dark grey bars, representing 
minor and severe deformations, respectively), of both parthenogenetic eggs (left panel) and dormant eggs (right 
panel) of D. magna. Parthenogenetic eggs were exposed to four concentrations of the respective pesticides, 
dormant eggs to an additional fifth concentration, a factor 10 higher. Distinct letters in the figures indicate 
significant differences among treatments for each pesticide for a specific variable (n = 48, p < 0.05, generalized 












In this study, we compared the sensitivity of asexual and sexual eggs from the same Daphnia 
population towards exposure to five model pesticides with a different mode of action. All pesticides 
impacted developmental processes in both parthenogenetic and dormant eggs, mainly resulting in 
embryonic malformations. We observed differences in sensitivity between the egg types and among 
pesticides tested, as illustrated by the differences in the severity of the effects and the effect 
concentrations. 
Differences in sensitivity of parthenogenetic and dormant eggs 
Overall there were no strong differences between parthenogenetic and dormant eggs, dormant eggs 
were not always less sensitive to pesticide exposure than parthenogenetic eggs, as we had 
hypothesized. In general, we observed a dose-related increase in embryonic deformations, but no 
significant impairment of hatching. For atrazine and chlorpyrifos, the effect levels (EC50) for 
developmental malformations were lower in dormant eggs compared to parthenogenetic eggs. 
However, effects induced at these levels were mainly expressed as deformations of the tail spine. 
More severe effects (deformations of carapax and second antennae) were only observed at the 
highest tested exposure concentrations for all pesticides, except atrazine, and occurred at 10-fold 
lower concentrations in parthenogenetic eggs compared to dormant eggs. This might indicate that 
parthenogenetic embryos are exposed to higher internal pesticide levels than embryos of dormant 
eggs. Possibly, the additional membrane surrounding dormant embryos during the first developmental 
stages (Zaffagnini, 1987), partly protects the embryos against pesticide exposure (Navis et al., 2015; 
Chapter 3). However, at the highest test concentrations the pesticides still impacted embryonic 
development in dormant eggs, causing severe deformations (and for fenoxycarb, even a reduction in 
hatching success). Xenobiotics are known to cause teratogenicity and embryotoxicity in many different 
invertebrate species. The mechanisms involved are not yet completely understood, but could be 
related to oxidative stress, membrane alterations, modulations of energy supplies, enzyme inhibition 
and DNA alterations (Pašková et al., 2011). 
Differences in effects of the model pesticides 
In addition to differences in sensitivity between parthenogenetic and dormant eggs, we also observed 
differences in the effects of the five model pesticides. Parthenogenetic eggs were most sensitive to 
carbaryl, deltamethrin and fenoxycarb exposure. Fenoxycarb was the only pesticide to decrease 
hatching of dormant eggs. Atrazine had the lowest impact of all tested pesticides on development of 
both parthenogenetic and dormant eggs. Differences in impact of these model pesticides can be 
related to either their potential to bioconcentrate in the eggs or their capacity to interfere with 
embryonic development during the hatching process. While we do not have any information on the 
bioconcentration potential of atrazine in D. magna eggs, it has a low potential to bioconcentrate in 






Fenoxycarb, in contrast, is known to bioconcentrate in D. magna dormant eggs, especially during later 
developmental stages1
Methodological considerations 
 (Navis et al., 2015; Chapter 3). Differences in effects of these pesticides might, 
however, also be caused by their different modes of action. Fenoxycarb mimics juvenile growth 
hormones in insects (EFSA, 2006) and is reported to disrupt endocrine processes in crustaceans (Oda 
et al., 2005; LeBlanc, 2007). Atrazine is a triazine herbicide, blocking photosynthesis in plants and 
reports on potential endocrine effects in Daphnia (induction of male offspring) are rather inconclusive 
(Olmstead and LeBlanc, 2003; Stoeckel, 2008; Palma et al., 2009a). Studies that include 
measurements of internal concentrations of pesticides and multiple representative compounds for 
each mode of action are needed to elucidate the mechanisms involved.  
Four out of five model pesticides used in this study were selected based on previously reported effect 
levels on embryonic development of D. magna parthenogenetic eggs. For fenoxycarb, developmental 
malformations were reported in about 80% of the embryos at 3 µg/L (curved shell spine; Mu and 
LeBlanc, 2004). We found deformations at even lower test concentrations, with most deformations 
also being related to the tail spine. For chlorpyrifos and atrazine our results show effect levels above 
the ones previously reported (Palma et al., 2009a, 2009b; Palma and Barbosa, 2011). An EC50 for 
embryo toxicity of 0.2 µg/L was reported for chlorpyrifos (Palma et al., 2009a) and developmental 
deformations and arrest occurred at concentrations above 1 µg/L for atrazine (Palma and Barbosa, 
2011). We observed severe deformations only at 10 µg/L for chlorpyrifos (66.7%) and significant 
effects on development at 100 µg/L for atrazine (23.7%). We did not observe any developmental 
arrest after exposure to either of the pesticides in parthenogenetic or dormant eggs. Toumi et al. 
(2013) reported 5.4% deformations in embryos after maternal exposure to 0.3 µg/L deltamethrin. We 
found significant effects on embryonic development at 1 µg/L (36.1% deformations), after direct 
embryonic exposure. Concentrations reported in present study, and several other studies (Palma et 
al., 2009a, 2009b; Palma and Barbosa, 2011) are nominal exposure concentrations, therefore direct 
comparison of effect levels should be interpreted with caution. Differences in results with previous 
studies, could reflect differences in sensitivity among D. magna populations and strains and slightly 
different test conditions (e.g. test medium, duration of experiment, maternal vs embryonic exposure).  
Ecological relevance and the use of egg-based screening assays 
Currently, in environmental risk assessment, safety factors are used to account for inter- and intra- 
species variation when calculating safe levels for the environment (PNEC; Walker, 2014). This 
includes variation between different stages of the life cycle.  
 
                                                     
1 During development of an analytical method in order to determine pesticide concentrations inside D. magna 
dormant eggs (as described in detail in Chapter 3), internal egg concentrations of both carbaryl and fenoxycarb 
were determined. After exposure to the highest test concentrations used in the experiments (4 mg/L fenoxycarb, 
and 5 mg/L carbaryl, respectively) internal concentrations were 220.0 ng fenoxycarb/100 eggs and 5.0 ng 
carbaryl/100 eggs (average, n = 3). This clearly indicates a difference in the potential to bioconcentrate in dormant 





When comparing effect levels from our study with effect levels from traditional ecotoxicological assays 
using D. magna neonates (according to OECD 202; OECD, 2004 and OECD 211; OECD, 2012), we 
can conclude that there is not one life stage that appears most sensitive to all pesticides tested (Table 
2). Instead this seems to be depending on the type of pesticide (mode of action). 
Screening assays using both parthenogenetic and dormant eggs, like in the present study, can give a 
first impression of potential embryotoxic effects of various types of chemicals. However, the direct 
environmental relevance of these simple, short-term tests is limited since exposure is maximized 
during the hatching process (for dormant eggs, the protective ephippium was removed) and takes 
place under standardized laboratory conditions (fixed temperature and photo-regime), with eggs 
placed individually in the wells of multiwell plates. Concentrations tested here span a wide range, with 
the highest test concentrations above measured or predicted environmental levels (e.g. Norris et al., 
1983; Walters et al., 2003; EFSA, 2010). These levels could be compared to pulse exposure in spring, 
shortly after pesticide application in the field, which could coincide with the spring hatching peak in 
temperate lakes (Alekseev and Lampert, 2001). Observed embryotoxic effects can have impacts on 
hatchling survival and life-history traits when tested under laboratory conditions (Navis et al., 2013; 
Moest et al., 2015; Chapter 2) However, it remains to be tested whether the observed effects are 
similar when pesticide exposure takes place under more realistic environmental conditions, including 
biotic interactions and using different exposure pathways.  
Hatching experiments using isolated parthenogenetic and dormant eggs can be an effective screening 
method, which could be useful for ranking chemicals and comparing effect levels with other stages of 
the life-cycle in the model organism D. magna. In a broader, ecological context, more research into 
ecotoxicological effects affecting both reproductive phases (sexual vs asexual reproduction) is 
needed. Since there are many different taxa that combine sexual and asexual reproduction in their 
lifecycle, such as rotifers, cnidarians, bryozoans, plants, protists and many parasites (De Meester et 
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Laboratory ecotoxicity tests and biomonitoring in aquatic systems are currently based on the active 
component of invertebrate communities. Even though dormant egg banks are crucial for the long term 
survival and community dynamics of many aquatic organisms, the effects of anthropogenic activities 
on dormant egg bank dynamics have rarely been studied. In this study we investigated the effects of 
two pesticides with a different mode of action (carbaryl and fenoxycarb) on hatching of Daphnia 
magna dormant eggs (ephippia) as well as on survival, growth and reproduction of the hatched 
neonates. Dormant eggs were exposed to the pesticides simultaneously to incubation under 
conditions that induce hatching (long daylight and 20°C). Carbaryl had no negative effects on 
embryonic development or hatching rate up to concentrations almost 1000 times the median effect 
concentration (EC50) of neonate survival in acute tests. Fenoxycarb, however, had a significant dose-
related effect by delaying or completely stopping the hatching process and caused severe 
abnormalities in developing individuals. Both pesticides had significant negative effects on survival and 
reproduction of the hatchlings. These results indicate that, in addition to inducing mortality of active 
individuals, pesticides can affect zooplankton communities by altering hatching dynamics and life 
history traits of hatched individuals. We briefly discuss how such pollution induced changes in the 














Many invertebrate species living in permanent and temporary standing waters produce dormant 
stages to survive unfavourable environmental conditions, such as drought, low oxygen concentrations, 
food limitation, crowding and the presence of predators (Hairston et al., 1990; Alekseev and 
Starobogatov, 1996; Brendonck et al., 1998; Slusarczyk et al., 1999, 2005). Dormant eggs accumulate 
over the years in the sediment to form a dormant egg bank, analogous to plant seed banks (De Stasio, 
1989; Hairston and Cáceres, 1996), with each growing season only a fraction of the dormant eggs 
hatching. Through this benthic-pelagic coupling, events in the dormant phase can affect the active, 
aquatic phase and vice versa (Cáceres and Hairston, 1998; Gyllström and Hansson, 2004). 
Zooplankton dormant eggs can remain viable for hundreds of years (Hairston et al., 1995; Cáceres, 
1998). With densities in the sediment ranging between 103-106 eggs/m2 (Hairston, 1996; Brendonck 
and De Meester, 2003; Vandekerkhove et al., 2005a), the dormant fraction is far from negligible and 
may strongly impact ecological and evolutionary dynamics (Gyllström and Hansson, 2004). When 
environmental conditions fluctuate, egg banks can function as a reservoir of species and genetic 
diversity through a mechanism called the “storage effect” (Chesson and Warner, 1981; Cáceres, 
1997). Dormant egg banks integrate genetic variation that has accumulated over several growing 
seasons (Ellner and Hairston, 1994; De Meester et al., 2006) thereby increasing the evolutionary 
potential of a population (Hairston and De Stasio, 1988; Hedrick, 1995; Brendonck and De Meester, 
2003). Despite its importance in ecological and evolutionary processes (reviewed in Brendonck and 
De Meester, 2003), dormant egg bank dynamics are rarely included in zooplankton population and 
community studies (Cáceres, 1998; Hairston et al., 2000) and there is almost no information available 
on the effects of pollution on dormant egg bank dynamics. 
Daphnia magna, a well established model organism and standard test species in ecotoxicology 
(Walker, 2001), reproduces by cyclical parthenogenesis. Production of sexual, dormant encapsulated 
eggs (ephippia) is triggered by conditions announcing or associated with an unfavorable environment 
(Hebert, 1978; Decaestecker et al., 2009). Standard ecotoxicity tests with Daphnia (OECD TG 202, 
2004; OECD TG 211, 2012) generally focus on the effects of chemicals on the asexual part of the 
reproduction cycle, screening clonal lineages. However, chemical compounds can interfere with the 
life cycle of Daphnia through a number of different pathways: they can i) alter the hatching rate of 
dormant eggs, either by impacting the embryos (Fig. 1, number 1) or by changing the response to 
hatching cues (Fig. 1, number 2) (Angeler et al., 2005; Raikow et al., 2006, 2007); ii) affect survival 
and growth of hatched individuals (Fig. 1, number 3); iii) change the fitness and reproductive traits of 
parthenogenetic females (Fig. 1, number 4) (Barata et al., 2007; Hassold and Backhaus, 2009; Jansen 
et al., 2011); iv) change offspring sex ratio (Fig. 1, number 5) (Dodson et al., 1999; Olmstead and 
LeBlanc, 2003; Tatarazako and Oda, 2007; Palma et al., 2009); and v) affect timing and amount of 
dormant egg production (Fig. 1, number 6) (Shurin and Dodson, 1997; Olmstead and LeBlanc, 2001; 







Fig. 1 Toxicants can have an effect on different stages of the Daphnia reproduction cycle: 1) direct mortality of the 
dormant eggs; 2) effects on hatching characteristics of the dormant eggs; 3) effects on growth; 4) effects on 
asexual reproduction; 5) effects on sexual reproduction (through changes in sex ratio) and 6) effects on dormant 
egg production. This study is focused on pathways 1, 2, 3 and 4, following toxicant exposure of the dormant eggs. 
Little information is available on the effects of chemical exposure on survival and hatching of 
zooplankton dormant eggs in general, and in Daphnia more specifically. A few studies evaluated the 
efficiency of ship ballast tank treatments, in order to avoid introduction of exotic/invasive species 
through their dormant stages. The biocides sodium hypochlorite and menadione (SeaKleen) affected 
hatching success of D. mendotae dormant eggs, but effect levels were higher compared to other D. 
mendotae life stages (Raikow et al., 2006, 2007). Angeler et al. (2005) tested for effects of fire 
retardant treatments and found a significant negative effect of Fire Trol 943 on emergence of D. 
curvirostris dormant eggs from wetland sediments. For rotifers, Marcial et al. (2005) found that 
diazinon, fenitrothion, methoprene and isoprothiolane affected hatching of Brachionus plicatilis 
dormant eggs at concentrations 2-40 times lower than concentrations affecting population growth, 
mixis and fertilization endpoints. Marcial and Hagiwara (2007) discovered that B. plicatilis hatching 
rates were severely affected by diazinon, but only when rotifers were exposed during dormant egg 
production or shortly afterwards. Copepod dormant eggs (Acartia pacifica) were much more sensitive 
to metals than benthic adults (Jiang et al., 2007). The results of different studies using Artemia cysts, 
however, appear to be inconclusive. Varó et al. (2006) and Sarabia et al. (2003, 2008) reported no 
adverse effects of metal and pesticide exposure on hatching of Artemia cysts. Bagshaw et al. (1986) 
and Rafiee et al. (1986), on the contrary, reported that hatching of dormant eggs was more sensitive to 





In this study we have tested for acute and chronic effects of pesticide exposure on dormant eggs of D. 
magna. Therefore we have conducted two series of experiments: in a first series we focused on the 
effects of pesticides on embryonic development and hatching characteristics of the dormant eggs (Fig. 
1, number 1+2), in a second experiment we tested whether exposure to pesticides could have long 
term effects on survival and life history characteristics of the hatched neonates (Fig. 1, number 3+4). 
For our experiments, we selected two model pesticides with a different mode of action: carbaryl and 
fenoxycarb. Carbaryl is a carbamate insecticide, which causes overstimulation of the nervous system 
by binding to acetylcholine esterase (Walker et al., 2001), and has a very high acute toxicity for 
crustaceans (EFSA, 2006). Fenoxycarb, on the other hand, is an insect growth regulator, which is 
known to disturb the endocrine system in crustaceans (LeBlanc, 2007), by changing offspring sex ratio 
(Tatarazako and Oda, 2007) and causing developmental malformations in parthenogenetic eggs (Mu 
and LeBlanc, 2004). Our working hypothesis is that exposure to pesticides, if it coincides with 
incubation under optimal hatching conditions, might impact embryonic development and hatching rate 
of the dormant eggs, as well as life history characteristics of the hatched neonates. We expect the 
effects to be different for the two model pesticides, with a more pronounced effect of fenoxycarb, 
known to affect developmental processes in invertebrates. 
 
Material and Methods 
Daphnia magna ephippia 
Daphnia magna ephippia from two different sources were used; 1) from a field population 
“Langerodevijver” (LRV: Korbeek-Dijle, Belgium) and 2) from a standardized laboratory culture (MBT: 
MicroBioTests Inc., Mariakerke, Belgium). The LRV field population was selected because it is located 
in a rather pristine environment (natural reserve “Doode Bemde”: Orsini et al., 2012) and has a high 
density of D. magna ephippia (Rousseaux, 2011). The dormant egg bank was sampled in the winter 
period (December 2011) since the dormant egg bank then has its maximum size and eggs are in 
diapause. A plexiglass sediment corer (diameter 5 cm, length 1 m) was used for sampling at 10 
locations in the open water zone of the lake. Only the top 5-10 centimeters of the cores (active egg 
bank: Cáceres & Hairston, 1998) were retained. Pooled sediment samples were sieved over 1 mm 
and 250 µm sieves and D. magna ephippia were isolated and stored for at least one month in the dark 
at 4°C (according to Vandekerkhove et al., 2005b). MBT ephippia are internationally used in standard 
acute toxicity assays and hatched neonates have a sensitivity similar to that of parthenogenetic 
offspring from lab cultures (Persoone et al., 2009). All ephippia were mechanically decapsulated with 






Effects on embryonic development and hatching characteristics 
In a first range-finding experiment a wide range of carbaryl and fenoxycarb concentrations were 
applied to find effect levels on hatching characteristics of LRV dormant eggs. Carbaryl (1-naphthyl 
methylcarbamate, CAS no. 63-25-2, 99.8% purity, Sigma-Aldrich, Germany) and fenoxycarb (ethyl 2-
(4-phenoxyphenoxy)ethylcarbamate, CAS no. 72490-01-8, 99.6% purity, Sigma-Aldrich, Germany) 
were dissolved in absolute ethanol (purity min. 99.8%, VWR International, France). The concentration 
of ethanol was the same in all treatment solutions and in the solvent control (0.005% ethanol). 
Exposure solutions were freshly prepared with final concentrations of 5, 50, 500, 1000 and 5000 µg/L 
for carbaryl and 0.5, 5, 50, 500, and 5000 µg/L for fenoxycarb. These concentrations were chosen 
based on the sensitivity of Daphnia neonates as established in standard acute ecotoxicological tests 
(EFSA, 2006; Coors et al., 2009; EFSA, 2010) and previous preliminary experiments (S. Navis, 
unpublished data). For carbaryl we choose concentrations up to 1000 times the EC50 (6-17 µg/L) for 
neonate immobilisation. For fenoxycarb we choose a range of concentrations from 1000 times below 
the EC50 for neonate immobilisation (500-600 µg/L) up to 10 times above, because we expected 
effects on embryonic development at low concentrations from earlier work by Mu and LeBlanc (2004). 
Although no longer registered for use in Europe, carbaryl is still widely used in amongst others, the 
United States, Canada and Australia. Observed field concentrations for carbaryl are generally low, 
ranging from below the detection limit up to 5.5 μg/L (US EPA, 2003). However, peak concentrations 
of 1.74 mg/L and 4.8 mg/L have been reported in periods immediately following application (Norris et 
al., 1983; Bridges et al., 1999; Walters et al., 2003). Tested carbaryl concentrations are thus in the 
range of measured environmental concentrations. For fenoxycarb no field measurements of small 
water bodies were found in literature. Environmental concentrations (PEC) in surface waters 
immediately after application of 87.6 μg/L have been predicted (FOCUS 1 scenario; EFSA, 2010).  
Dormant eggs were placed individually in the wells of a 24-well microtiter plate (polystyrene, non 
coated, sterile plates, Greiner Bio-One GmbH) containing 2 mL of exposure medium, prepared in 
artificial freshwater (ADaM; Klüttgen et al., 1994). Per treatment 48 dormant eggs (replicates) were 
used. Treatments were randomly allocated to plates in such a way that each treatment was allocated 
to four randomly assigned half multiwell plates. The influence of plate identity was taken into account 
by including it as a random blocking factor in the statistical analyses. Plates were incubated for 10 
days at 20±2°C in a light:dark regime of 18:6h, to simulate spring conditions. Dormant eggs were 
checked daily for hatching. In a second experiment, a more narrow range of fenoxycarb 
concentrations (50, 125, 250, 500, 1000, 2000 and 4000 µg/L) was selected, based on the results of 
the range-finding experiment, to test for effects on both embryonic development and hatching 
characteristics of the dormant eggs. This was not done for carbaryl, since even the highest test 
concentration in the range-finding experiment did not have a significant effect. Test procedures were 
identical to the previous experiment; plates were incubated for 10 days and dormant eggs were 
checked daily for hatching. In addition, during day 3-7 of the experiment, embryonic development and 
morphological abnormalities were monitored using a digital camera (Olympus Colour view III) attached 





For this series of experiments, developmental abnormalities of the embryos as well as hatching rate 
(cumulative hatching %) related to pesticide exposure were statistically evaluated using generalized 
linear models (GLM) with a logit-link function and binomial distribution, followed by sequential 
Bonferroni-correction (Holm, 1979). Effects of the pesticides on timing of hatching (day of maximum 
hatching) were evaluated for the two pesticides separately using one-way ANOVA´s followed by 
Tukey´s HSD post-hoc tests. Concentration-response curves and effect levels (EC50 values) were 
estimated using the DRC-package in R (Ritz and Streibig, 2005).  
Life cycle toxicity: from hatching to reproduction 
In a second series of experiments, the effects of carbaryl and fenoxycarb exposure, on growth, 
maturation and reproductive capacity of D. magna were assessed by adapting standard methods for 
chronic toxicity tests (OECD TG 211; OECD, 2012). Based on results of the first series of experiments, 
three test concentrations for each pesticide were selected: 50, 500 and 5000 µg/L for carbaryl and 
500, 750 and 1000 µg/L for fenoxycarb. Dormant eggs from both LRV and MBT were used in a full 
factorial design: 2 populations * 2 pesticides * 4 pesticide concentrations (incl. control) = 16 
treatments. Two controls were included: a blank control containing only ADaM-water and a solvent 
control with 0.005% ethanol (equal to the ethanol concentration in all exposure solutions). Dormant 
eggs were individually placed in 24-well microtiter plates, with a total of 48 eggs (replicates) per 
treatment and each treatment was randomly divided over four half plates. To ensure that exposure to 
the pesticides could only occur during the hatching process and not after the organisms had hatched, 
the eggs were transferred into new microtiter plates with 2 mL fresh ADaM-water at the end of the 
second day of exposure (before any eggs had hatched) and rinsed once more to ensure that no 
exposure medium could be present in the wells. Hatching was checked daily and from each treatment 
15 randomly selected hatchlings (replicates) from the day of maximum hatching were transferred 
individually into 100 mL glass beakers with ADaM-water. Daphnids were fed daily with Scenedesmus 
obliquus (1*105 cells/mL), and medium was renewed every two days. All individuals were monitored 
daily for at least 21 days, or until release of the second brood. Offspring were counted and removed 
from the test vessels daily. Survival, age at maturation, age at release of the first and second clutch 
and clutch size of first and second brood were recorded. The performance (r) was computed iteratively 
from the Euler-Lotka equation (Begon et al., 2005) and provides an estimate of the intrinsic rate of 
increase under the assumption of the absence of mortality: 
�𝑒−𝑟𝑥 𝑙𝑥 𝑚𝑥 = 1∞
𝑥=0
 
where lx represents the proportion of individuals surviving to age x (days; here we calculated 
performance only for surviving individuals so lx is assumed to be 1) and mx is the number of juveniles 
produced by the individual between the ages x and x + 1. Performance was calculated only for the first 






To monitor growth, body size of all experimental organisms was monitored by photographing each 
individual directly after hatching, after 10 and 21 days as well as at maturation and at time of first and 
second reproduction. In addition, from each individual three neonates per brood were photographed. 
All images were recorded using a digital camera (Olympus Colour view III) attached to an Olympus 
BX50 microscope (magnification adults 2x, neonates 4x) and processed later for measurements of 
body length (from top of the eye to base of the tail spine). Main effect of pesticide and population 
(origin of the dormant eggs) and the pesticide x population interaction effect on survival of the hatched 
neonates, were tested for each pesticide separately using generalized linear models (GLM) with a 
logit-link function and binomial distribution, followed by a sequential Bonferroni-correction. Effects of 
pesticide and population origin on life history traits (growth and reproduction) were assessed for the 
two pesticides separately using two-way ANOVA´s followed by Tukey´s HSD post-hoc tests. All 
statistical analysis were performed in R statistical software v2.15.0 (R Development Core Team, 
2012). All pesticide concentrations mentioned are initial nominal concentrations. In all experiments a 
blank control and a solvent control treatment were included. If the results of both control treatments 




Exposure of LRV dormant eggs to carbaryl concentrations up to 5000 µg/L had no significant effects 
on hatching characteristics. Cumulative hatching percentages after 10 days ranged from 52.1 – 
81.3%, but there was no concentration-response relationship (Chi2 = 10.12; df= 5; p = 0.072). The 
NOEC for hatching in the presence of carbaryl is therefore ≥ 5000 µg/L. Carbaryl did have a significant 
negative impact on survival of the hatched individuals (Fig. 3A+C). For MBT dormant eggs, survival in 
the control treatment was 86.7% and all three tested carbaryl concentrations resulted in significantly 
reduced survival compared to the control (Fig. 3A). For LRV dormant eggs, survival in the control 
treatment was 53.3% and only the highest tested carbaryl concentration of 5000 µg/ had a significant 
negative impact on survival (Fig. 3C).  
Carbaryl also significantly affected other life history traits (Table 1). For MBT, all three tested carbaryl 
concentrations caused a significant reduction in performance (r), a higher age at maturity and at 
release of the first and second brood, a lower clutch size (first and second brood) and a smaller body 
size (measured after 21 days, corrected for body size directly after hatching) (Fig. 4). No significant 
effects of carbaryl on offspring body size of the first brood were detected, but offspring of the second 
brood was significantly smaller in carbaryl treatments compared to the controls. For LRV, only 
significant negative effects were found for age at first reproduction at the highest test concentration. 
Other measured traits did not differ significantly from the controls. The LRV population showed very 
large variation in responses within treatments, also for the controls, especially regarding clutch sizes. 







Fig. 2 Effects of fenoxycarb treatments on A) cumulative hatching percentage during 10 days after exposure and 
B) the percentage of deformed hatchlings (n = 48). Fenoxycarb both decreased the hatching success and 
increased the percentage of deformations in a dose-dependent manner. Distinct letters in the figures indicate 
significant differences among treatments (p ≤ 0.05, generalized linear model, followed by sequential Bonferroni-
correction). The photographs represent (from top to bottom): a normal developing dormant egg from the control 
treatment; an embryo with developmental malformations; and a deformed hatchling. 
 
Fenoxycarb 
Fenoxycarb had a significant negative effect on hatching of D. magna dormant eggs (LRV). In the 
preliminary range-finding experiment, hatching at the highest tested fenoxycarb concentration (5000 
µg/L) was completely inhibited (Chi2 = 79.47; df= 5; p < 0.001). In the final experiment, hatching rate 
was significantly negatively impacted at concentrations 2000 and 4000 µg/L (cumulative hatching was 
respectively 6.3 and 0%; Chi2 = 267.78; df= 7; p < 0.001) (Fig. 2A) and an EC50 for hatching of 1300 
µg/L was estimated. Timing of hatching was delayed at concentrations above 250 µg/L (F = 56.28; df 
= 6; p < 0.001). In the control treatment, the peak of hatching occurred at day 3, while in the 
fenoxycarb treatments maximum hatching occurred at day 4-7.  
Analysis of the photographs of the developing embryos revealed that fenoxycarb caused 
developmental abnormalities (Fig. 2B), including poorly developed second antennae, morphological 
deformations of the tail spine, carapace and compound eye. Embryonic development was severely 
altered or arrested at concentrations of 1000, 2000 and 4000 µg/L fenoxycarb, with abnormalities 
observed in respectively 79.2, 85.4 and 93.8% of the embryos. At 1000 µg/L, 56.3 out of 79.2% 
abnormally developed embryos still hatched. At higher test concentrations almost none of the 
deformed embryos was able to hatch (2.1 and 0% at respectively 2000 and 4000 µg/L). 
Fenoxycarb had a significant negative impact on survival of the hatched individuals. For MBT, all three 
tested concentrations resulted in significantly reduced survival compared to the control treatments 
(Fig. 3B). For LRV dormant eggs, only the highest tested concentration of 1000 µg/L had a significant 








Fig. 3 Cumulative survival percentage of hatched individuals from different pesticide treatments (n = 15, 
replicates) during the 21 days of the experiment: A) carbaryl, hatched from dormant eggs produced in the 
laboratory under controlled conditions (MBT); B) fenoxycarb, hatched from MBT; C) carbaryl, hatched from a 
natural source of dormant eggs (LRV); D) fenoxycarb, hatched from LRV. Distinct letters in the figures indicate 
significant differences among treatments (p ≤ 0.05, generalized linear model, followed by sequential Bonferroni-
correction). 
 
Fenoxycarb also had a significant negative effect on life history traits of the surviving individuals (Table 
1). For MBT, all three test concentrations caused a decrease in performance (r), a higher age at 
maturity and at release of the first and second brood and a lower clutch size (first and second brood) 
(Fig. 4). For the highest concentration there was also a negative effect on growth of the experimental 
organisms. Again no significant effects on offspring body size (first and second brood) were detected. 
For LRV, all three fenoxycarb concentrations had significant negative effects on performance and 
fenoxycarb 750 µg/L had a significant negative effect on age at first brood, but no significant effects on 










Fig. 4 Effects of carbaryl (carb) and fenoxycarb (fnx) exposure on growth and reproduction (average ± 1 SE) of D. 
magna hatchlings (number of replicates (n) depends on survival of the hatched individuals, in panels A-F from left 
to right and per population; MBT control: 15, carb50: 5, carb500: 5, carb5000: 2, and fnx500: 11, fnx750: 4, 
fnx1000: 5, LRV control: 9, carb50: 10, carb500: 9, carb5000: 3, fnx500: 5, fnx750: 6, fnx1000: 2, and in panels 
G-H; MBT control: 13, carb50: 4, carb500: 7, carb5000: 3, and fnx500: 10, fnx750: 4, fnx1000: 6 and for LRV 
control: 8, carb50: 10, carb500: 9, carb5000: 3, fnx500: 5, fnx750: 7, fnx1000: 1). Letters above each result 
indicate significant differences among treatments (p ≤ 0.05, 2 -way ANOVA, Tukey´s HSD post-hoc test; capital 






Table 1 Results of the 2-way ANOVA on the life history traits of D. magna for the two model pesticides 
 
Concentration 
(df = 3) 
 
Population 
(df = 1) 
 
Conc * population 
(df = 3) 
 F P  F P  F P 
Carbaryl         
Performance (r) 10.34 < 0.001 *  18.75 < 0.001 *  15.40 < 0.001 * 
Age at maturity  11.65 < 0.001 *  34.61 < 0.001 *  9.63 < 0.001 * 
Age at 1st brood  12.22 < 0.001 *  37.44 < 0.001 *  18.88 < 0.001 * 
Age at 2nd brood  5.42   0.003 *  24.95 < 0.001 *  11.94 < 0.001 * 
Size of 1st brood  6.34 < 0.001 *  5.62   0.022 *  7.58 < 0.001 * 
Size of 2nd brood  2.43 0.077  8.16    0.006 *  4.65   0.006 * 
Body size at hatching 4.69   0.004 *  3.49 0.064  0.78 0.509 
Growth hatching - day 11 24.13 < 0.001 *  59.08 < 0.001 *  16.97 < 0.001 * 
Growth hatching - day 21 4.30   0.009 *  11.93   0.001 *  4.67   0.006 * 
Body size of offspring 1st brood 0.10 0.960  0.09 0.759  0.84 0.477 
Body size of offspring 2nd brood 5.88   0.002 *  12.60 < 0.001 *  3.41   0.025 * 
Fenoxycarb         
Performance (r) 30.53 < 0.001 *  4.25   0.045 *  0.49 0.691 
Age at maturity  16.24 < 0.001 *  5.59   0.022 *  3.35   0.026 * 
Age at 1st brood  17.20 < 0.001 *  6.53   0.014 *  2.94   0.042 * 
Age at 2nd brood  13.59 < 0.001 *  0.82 0.371  1.43 0.251 
Size of 1st brood  20.43 < 0.001 *  1.46 0.234  0.44 0.723 
Size of 2nd brood  5.38   0.003 *  0.40 0.529  0.17 0.844 
Body size at hatching 8.42 < 0.001 *  31.87 < 0.001 *  0.96 0.414 
Growth hatching - day 11 24.36 < 0.001 *  2.80 0.099  0.60 0.617 
Growth hatching - day 21 5.93   0.002 *  3.41 0.071  1.14 0.343 
Body size of offspring 1st brood 0.32 0.813  0.01 0.923  1.15 0.341 
Body size of offspring 2nd brood 4.25   0.010 *  2.84 0.099  0.50 0.610 
 
Discussion 
Our results reveal the effects of two model pesticides with a different mode of action on hatching 
characteristics of D. magna dormant eggs and on subsequent survival and life history characteristics 
of hatched individuals. Overall, our results indicate that dormant eggs are quite insensitive to carbaryl 
with respect to hatching rates, while they are influenced by fenoxycarb at relatively moderate 
concentrations. Survival and performance of hatchlings were impacted by both pesticides. We discuss 
these results and highlight the possible impact of the observed effects on the development and 
dynamics of zooplankton populations in natural systems. 
Impact of pesticides on hatching, growth and reproduction 
Carbaryl did not have a significant negative impact on hatching up to the highest tested concentration 
(NOEC ≥ 5000 µg/L). This is a striking observation as acute effect levels of neonate immobilisation 
reported for carbaryl range between 6-17 µg/L (EFSA, 2006; Coors et al., 2009), i.e. 300 to almost 
1000 times lower concentrations than used in our experiment. This indicates that for carbaryl, hatching 
and development of D. magna dormant eggs is a much less sensitive endpoint than neonate 





For fenoxycarb, however, we observed clear dose-related effects on dormant eggs, resulting in a 
delay in hatching or even complete absence of hatching. The EC50 of fenoxycarb for hatching is 1300 
µg/L, which is about twice as high as the acute effect level for neonate immobilisation of 500-600 µg/L 
(EFSA, 2010). Fenoxycarb also caused severe abnormalities in developing individuals at 1000 µg/L or 
higher test concentrations, which is again above the EC50 for neonate immobilisation. Fenoxycarb is 
known to cause similar malformations in parthenogenetic eggs, but at much lower (1000 times) 
concentrations than found in our study (Mu and LeBlanc, 2004). Overall, we can conclude that, for 
both model pesticides, D. magna was less sensitive when pesticide exposure occurs during embryonic 
development and hatching than during other life stages. A possible explanation for the lower sensitivity 
at this stage may be that dormant eggs are better protected against penetration of pesticides. Besides 
the protective envelope, which was removed in our experiments through decapsulation, they have 
thick, multi-layered egg membranes which enable them to endure extreme physical conditions like 
freezing, desiccation and bird digestion enzymes (Mellors, 1975; Frisch et al, 2007). Varó et al. (2006) 
demonstrated that the chorion surrounding cysts of Artemia can act as a barrier retaining the majority 
of the toxicant. However, our results do indicate that the pesticides were able to enter the dormant 
eggs, as both pesticides had significant negative effects on hatchling survival, growth and 
reproduction, even though the eggs were only exposed during the first two days of the hatching 
process and were transferred to clean medium before hatching occurred. Our observation that effects 
were only observed at relatively high concentrations, corresponding to environmental concentrations 
measured shortly after application, may reflect that the concentration of the pesticides inside the eggs 
was relatively low compared to the nominal concentrations used in the exposure medium1
The large differences between carbaryl and fenoxycarb regarding their effects on hatching and life 
history characteristics of D. magna, can at least partly be explained by their different mode of action. 
Carbaryl is a carbamate insecticide with neurotoxic activity, causing overstimulation of the nervous 
system (Walker et al., 2001). Fenoxycarb, on the other hand, is a juvenile hormone analogue and a 
very potent methyl farnesoate agonist (Tatarazako et al., 2003; Oda et al., 2005; Wang et al., 2005) 
that is able to induce the production of male neonates in D. magna at concentrations as low as 100 
ng/L (Tatarazako and Oda, 2007). Fenoxycarb can also disrupt ecdysteriod-regulated aspects of 
embryo development in parthenogenetic eggs, but at levels ten times higher compared to effects on 
offspring sex ratio (Mu and LeBlanc, 2004).  
. This might 
also explain why carbaryl had no significant effects on hatching characteristics up to the highest 
concentration tested, but did have significant chronic effects, that typically occur at lower exposure 
levels. Moreover, this study is the first to demonstrate that exposure to toxicants in the dormant phase 
cannot only affect hatching rates, but also results in reduced reproductive rates of hatched individuals. 
 
                                                     
1 During development of an analytical method in order to determine pesticide concentrations inside D. magna 
dormant eggs (as described in detail in Chapter 3), internal egg concentrations of both carbaryl and fenoxycarb 
were determined. After exposure to the highest test concentrations used in the experiments (4 mg/L fenoxycarb, 
and 5 mg/L carbaryl, respectively) internal concentrations were 220.0 ng fenoxycarb/100 eggs and 5.0 ng 
carbaryl/100 eggs (average, n = 3). This clearly indicates a difference in the potential to bioconcentrate in dormant 





Due to their different mode of action, fenoxycarb was expected to interfere with embryonic 
development while carbaryl was expected to have an effect mainly when the nervous system has 
developed. This was largely confirmed in our study. Despite the importance of dormant egg banks for 
the persistence of zooplankton communities in general and Daphnia populations in particular 
(Brendonck and De Meester, 2003), little information is available on the effects of chemical exposure 
on survival and hatching of dormant eggs. Significant negative effects of toxicants on hatching of 
Daphnia dormant eggs have been reported previously in a few studies (Angeler et al., 2005; Raikow et 
al., 2006, 2007). Our findings are in agreement with the results of Raikow et al. (2006, 2007), who 
observed that the biocide SeaKlean had significant negative effects on hatching of D. mendotae 
dormant eggs, but with a ten times lower sensitivity compared to neonate mortality (Song et al., 2011). 
Studies using dormant eggs of other zooplankton species (mainly rotifers and Artemia) gave variable 
results; ranging from no significant adverse effects on hatching rates (Sarabia et al., 2003, 2008; Varó 
et al., 2006; Marcial and Hagiwara, 2007), to effects on unhatched embryos at concentrations below 
effect levels for hatched individuals (Bagshaw et al., 1986; Rafiee et al., 1986). This indicates that 
effects of chemicals on dormant stages differ among and within species as well as among toxicants, 
depending on their mode of action.  
In our life cycle toxicity experiment we have used dormant eggs from two different populations; one 
laboratory population (MBT) and one field population (LRV). Control survival of the MBT clones was 
higher than of the LRV clones, which might be explained by the fact that MBT ephippia have been 
produced under similar laboratory conditions as used in our experiments (Persoone et al., 2009). Also, 
MBT clones appeared more sensitive to pesticide exposure than the ones from LRV. Genetic 
variability in response to stressors has been frequently observed, both among and within populations 
(Barata et al., 2002; Oda et al., 2006, 2007). Oda et al. (2007), for example, reported a variation in 
estimated EC50 values for fenoxycarb by a factor of four, between seven strains of D. magna from 
different laboratories. Since dormant eggs are produced by sexual reproduction, each individual 
hatchling represents a different clone and may reveal somewhat different characteristics and 
tolerances. 
Ecological implications 
In this study we have shown that pesticides can have negative effects on hatching and development of 
D. magna dormant eggs under conditions where exposure was maximized: the protective envelope 
was removed and the dormant eggs were exposed to both optimal hatching conditions and pesticides 
simultaneously. This scenario might be comparable to pesticide applications during spring, resulting in 
high concentrations of pesticides in small water bodies (via spray drift, runoff or drainage) coinciding 
with a peak in hatching from the dormant egg bank. The potential impact of the pesticides on the 
dormant fraction of the community does not only depend on the application time, but also on the 
exposure route of the respective pesticides. Fenoxycarb is known to dissipate from the water phase 
quite rapidly and then to bind to the organic phase of the sediment (half-life in water = 3.9 days, half-





This indicates that sediment might be an important exposure route. This was confirmed by Licht et al. 
(2004) and Jungmann et al. (2009) who reported negative effects of sediment spiked with fenoxycarb 
on, respectively, mayfly metamorphosis and emergence of chironomids. It is therefore important that 
future research on dormant stages also focuses on the effects of chemicals under different 
environmentally realistic scenarios in order to get more insight into the importance of the exposure 
route (water vs. sediment exposure), timing of exposure and the importance of the ephippial case in 
protecting dormant eggs from exposure to pollutants. 
There are different pathways in which pollution can affect structure and functioning of aquatic 
communities, or interfere with the life cycle of D. magna (Fig. 1). Our observation that even a brief 
exposure to pesticides during the early stages of embryonic development of dormant eggs leads to 
reduced hatching rates (fenoxycarb; pathway 2 Fig. 1), a higher proportion of deformed embryos 
(fenoxycarb; pathway 1+2 Fig. 1) and higher mortality and decreased performance of hatchlings (both 
pesticides; pathway 3+4 Fig. 1) can have far-reaching consequences for ecological and evolutionary 
dynamics of zooplankton in lakes and ponds. Reduced hatching rates and performance will reduce 
population growth rates. A reduced build-up of Daphnia early in the season may impact algal growth 
(reduced top-down control of algae) and fish (less food), and to the extent that the responses are 
species specific, they may impact species composition of the zooplankton communities. Arbačiauskas 
and Gasiunaite (1996) and Arbačiauskas and Lampert (2003) showed that ex-ephippial individuals are 
characterized by different life history traits, fostering faster population growth rates. The impact of 
pesticides on hatching rates and the fitness of hatchlings thus may even have a higher impact given 
the importance of the ex-ephippial generation to population development. In addition, repeated 
pesticide exposure, leading to reduced hatching rates and mortality, may eventually gradually exhaust 
the dormant egg bank. Since dormant egg banks integrate genetic variation that has accumulated over 
many growing seasons (Ellner and Hairston, 1994; De Meester et al., 2006), a decrease in size of the 
dormant egg bank or a reduced contribution of the dormant to the active phase may reduce genetic 
variation, hence the evolutionary potential of a population (Levin, 1990; Brendonck and De Meester, 
2003). This makes exposed populations more vulnerable to changes in environmental conditions of 
both natural and anthropogenic origin. Despite the importance of dormant egg banks for ecological 
and evolutionary processes, experimental evidence regarding the influence of toxicants on dormant 
egg bank dynamics is surprisingly scarce. A better understanding of the effects of toxicant exposure 
on the full life-cycle of zooplankton species, especially of the important model organism D. magna, 
could increase the ecological relevance of ecotoxicity testing and aid our understanding of not only the 
impact of pesticide exposure, but also the potential for recovery in aquatic ecosystems. 
 
Acknowledgements 
This research was funded by a Ph.D. grant of the Institute for the Promotion of Innovation through 
Science and Technology in Flanders (IWT Vlaanderen). The authors would like to thank Mieke Jansen 





Alekseev V.R., Starobogatov Y.I., 1996. Types of diapause in Crustacea: Definitions, distribution, 
evolution. Hydrobiologia 320, 15-26. 
Angeler D.G., Martín S., Moreno J.M., 2005. Daphnia emergence: a sensitive indicator of fire-retardant 
stress in temporary wetlands. Environment International 31, 615-620. 
Arbačiauskas K., Gasiunaite Z.R., 1996. Growth and fecundity of Daphnia after diapause and their 
impact on the development of a population. Hydrobiologia 320, 209-222. 
Arbačiauskas K., Lampert W., 2003. Seasonal adaptation of ex-ephippio and parthenogenetic 
offspring of Daphnia magna: differences in life history and physiology. Functional Ecology 17, 431-
437. 
Bagshaw J.C., Rafiee P., Matthews C.O., MacRae T.H., 1986. Cadmium and zinc reversibly arrest 
development of Artemia larvae. Bulletin of Environmental Contamination and Toxicology 37, 289-296. 
Barata C., Baird D.J., Mitchell S.E., Soares A.M.V.M., 2002. Among- and within-population variability 
in tolerance to cadmium stress in natural populations of Daphnia magna: Implications for ecological 
risk assessment. Environmental Toxicology and Chemistry 21, 1058-1064. 
Barata C., Baird D.J., Nogueira A.J.A., Agra A.R., Soares A.M.V.M., 2007. Life-history responses of 
Daphnia magna Straus to binary mixtures of toxic substances: Pharmacological versus 
ecotoxicological modes of action. Aquatic Toxicology 84, 439-449. 
Begon M., Townsend C.R., Harper J.L., 2005. Ecology: From individuals to ecosystems. Wiley-
Blackwell, U.S.A., p. 752. 
Brendonck L., De Meester L., 2003. Egg banks in freshwater zooplankton: evolutionary and ecological 
archives in the sediment. Hydrobiologia 491, 65-84. 
Brendonck L., Riddoch B.J., Van de Weghe V., Van Dooren T., 1998. The maintenance of egg banks 
in very short-lived pools - A case study with anostracans (Branciopoda). Archives of Hydrobiology, 
Special Issues Advanced Limnology 52, 141-161. 
Bridges C.M., 1999. Predator-prey interactions between two amphibian species: Effects of insecticide 
exposure. Aquatic Ecology 33, 205–211. 
Cáceres C.E., 1997. Temporal variation, dormancy, and coexistence: A field test of the storage effect. 
Ecology 94, 9171-9175. 
Cáceres C.E., 1998. Interspecific variation in the abundance, production and emergence of Daphnia 
diapausing eggs. Ecology 79, 1699-1710. 
Cáceres C.E., Hairston N.G., 1998. Benthic-pelagic coupling in planktonic crustaceans: The role of the 
benthos. Archives of Hydrobiology Special Issues - Advances in Limnology 52:163-174. 
Chesson P.L., Warner R.R., 1981. Environmental variability promotes coexistence in lottery 
competitive systems. American Naturalist 117, 923-943. 
Coors A., Vanoverbeke J., De Bie T., De Meester L., 2009. Land use, genetic diversity and toxicant 
tolerance in natural populations of Daphnia magna. Aquatic Toxicology 95, 71-79. 
De Meester L., Vanoverbeke J., De Gelas K., Ortells R., Spaak P., 2006. Genetic structure of cyclic 





De Stasio B.T., 1989. The seed bank of a freshwater crustacean: Copepodology for the plant 
ecologist. Ecology 70, 1377-1389. 
Decaestecker, E., Meester, L., Mergeay, J., 2009. Cyclical parthenogenesis in Daphnia: sexual versus 
asexual reproduction. In: Schön I, Martens K, Dijk P (eds) Lost sex - The evolutionary biology of 
parthenogenesis. Springer Netherlands, pp. 295-316. 
Dodson S.I, Merritt C.M., Shannahan J-P., Shults C.M., 1999. Low exposure concentrations of 
atrazine increase male production in Daphnia pulicaria. Environmental Toxicology and Chemistry 18, 
1568-1573. 
EFSA, 2006. Peer review report on carbaryl. European Food Safety Authority, p. 361. 
EFSA, 2010. Conclusion on the peer review of the pesticide risk assessment of the active substance 
fenoxycarb. EFSA Journal 8, p. 75. 
Ellner S.P., Hairston N.G., 1994. Role of overlapping generations in maintaining genetic variation in a 
fluctuating environment. American Naturalist 143, 403-417. 
Frisch D., Green A.J., Figuerola J., 2007. High dispersal capacity of a broad spectrum of aquatic 
invertebrates via waterbirds. Aquatic Sciences 69, 568-574. 
Gyllström M., Hansson L-A., 2004. Dormancy in freshwater zooplankton: Induction, termination and 
the importance of benthic-pelagic coupling. Aquatic Sciences - Research Across Boundaries 66, 274-
295. 
Hairston N.G., 1996. Zooplankton egg banks as biotic reservoirs in changing environments. Limnology 
and Oceanography 41, 1087-1092. 
Hairston N.G., Cáceres C.E., 1996. Distribution of crustacean diapause: Micro and macroevolutionary 
pattern and process. Hydrobiologia 320, 27-44. 
Hairston N.G., De Stasio B.T., 1988. Rate of evolution slowed by a dormant propagule pool. Nature 
336, 239-242. 
Hairston N.G., Dillon T.A., De Stasio B.T., 1990. A field test for the cues of disapause in a freshwater 
copepod. Ecology 71, 2218-2223. 
Hairston N.G., Hansen A-M., Schaffner W.R., 2000. The effect of diapause emergence on the 
seasonal dynamics of a zooplankton assemblage. Freshwater Biology 45, 133-145. 
Hairston N.G., Van Brunt R.A., Kearns C.M., Engstrom D.R., 1995. Age and survivorship of 
diapausing eggs in a sediment egg bank. Ecology 76, 1706-1711. 
Hassold E., Backhaus T., 2009. Chronic toxicity of five structurally diverse demethylase-inhibiting 
fungicides to the crustacean Daphnia magna: A comparative assessment. Environmental Toxicology 
and Chemistry 28, 1218-1226. 
Hebert P.D.N., 1978. The population biology of Daphnia (Crustacea, Daphnidae). Biological Reviews 
53, 387-426. 
Hedrick P.W., 1995. Genetic polymorphism in a temporally varying environment: Effects of delayed 
germination or diapause. Heredity 75, 164-170. 
Holm S., 1979. A simple sequentially rejective multiple test procedure. Scandinavian Journal of 
Statistics 6, 65-70. 
Ignace D.D., Dodson S.I., Kashian D.R., 2011. Identification of the critical timing of sex determination 





Jansen M., De Meester L., Cielen A., Buser C.C., Stoks R., 2011. The interplay of past and current 
stress exposure on the water flea Daphnia. Functional Ecology 25, 974-982. 
Jiang X., Wang G., Li S., He J., 2007. Heavy metal exposure reduces hatching success of Acartia 
pacifica resting eggs in the sediment. Journal of Environmental Sciences 19, 733-737. 
Jungmann D., Bandow C., Gildemeister T., Nagel R., Preuss T.G., Ratte H.T., Shinn C., Weltje L., 
Maes H., 2009. Chronic toxicity of fenoxycarb to the midge Chironomus riparius after exposure in 
sediments of different composition. Journal of Soils and Sediments 9, 94-102. 
Klüttgen B., Dülmer U., Engels M., Ratte H.T., 1994. ADaM, an artificial freshwater for the culture of 
zooplankton. Water Research 28, 743-746. 
LeBlanc G.A., 2007. Crustacean endocrine toxicology: A review. Ecotoxicology 16, 61-81. 
Licht O., Jungmann D., Ludwichowski K.U., Nagel R., 2004. Long-term effects of fenoxycarb on two 
mayfly species in artificial indoor streams. Ecotoxicology and Environmental Safety 58, 246-255. 
Marcial H.S., Hagiwara A., 2007. Effect of diazinon on life stages and resting egg hatchability of rotifer 
Brachionus plicatilis. Hydrobiologia 593, 219-225. 
Marcial H.S., Hagiwara A., Snell T.W., 2005. Effect of some pesticides on reproduction of rotifer 
Brachionus plicatilis Müller. Hydrobiologia 546, 569-575. 
Mellors W.K., 1975. Selective predation of ephippal Daphnia and the resistance of ephippal eggs to 
digestion. Ecology 56, 974-980. 
Mu X., LeBlanc G.A., 2004. Cross communication between signaling pathways: Juvenoid hormones 
modulate ecdysteroid activity in a crustacean. Jounal of Experimental Zoology 301a, 793-801. 
Norris L.A., Lorz H.W., Gregory S.V., 1983. Influence of forest and rangeland management on 
anadromous fish habitat in western North-America – Forest chemicals. General Technical Report 
PNW-149, U.S.A., p. 102. 
Oda S., Tatarazako N., Watanabe H., Morita M., Iguchi T., 2005. Production of male neonates in 
Daphnia magna (Cladocera, Crustacea) exposed to juvenile hormones and their analogs. 
Chemosphere 61, 1168-1174. 
Oda S., Tatarazako N., Watanabe H., Morita M., Iguchi T., 2006. Genetic differences in the production 
of male neonates in Daphnia magna exposed to juvenile hormone analogs. Chemosphere 63, 1477-
1484. 
Oda S., Tatarazako N., Dorgerloh M., Johnson R.D., Kusk K.O., Leverett D., Marchini S., Nakari T., 
Williams T., Iguchi T., 2007. Strain difference in sensitivity to 3,4-dichloroaniline and insect growth 
regulator, fenoxycarb, in Daphnia magna. Ecotoxicology and Environmental Safety 67, 399-405. 
OECD, 2004. OECD Guidelines for the testing of chemicals. Test no. 202: Daphnia sp. acute 
immobilisation test. Organisation for Economic Co-operation and Development, p. 12. 
OECD, 2012. OECD Guidelines for the testing of chemicals. Test no. 211: Daphnia magna 
reproduction test. Organisation for Economic Co-operation and Development, p. 25. 
Olmstead A.W., LeBlanc G.A., 2001. Temporal and quantitative changes in sexual reproductive 
cycling of the cladoceran Daphnia magna by a juvenile hormone analog. Jounal of Experimental 
Zoology 290, 148-155. 
Olmstead A.W., LeBlanc G.A., 2003. Insecticidal juvenile hormone analogs stimulate the production of 




Orsini L., Spanier K.I., De Meester L., 2012. Genomic signature of natural and anthropogenic stress in 
wild populations of the waterflea Daphnia magna: Validation in space, time and experimental 
evolution. Molecular Ecology 21, 2160-2175. 
Palma P., Palma V.L., Matos C., Fernandes R.M., Bohn A., Soares A.M.V.M., 2009. Assessment of 
the pesticides atrazine, endosulfan sulphate and chlorpyrifos for juvenoid-related endocrine activity 
using Daphnia magna. Chemosphere 76, 335-340. 
Persoone G., Baudo R., Cotman M., Blaise C., Thompson K.C., Moreira-Santos M., Vollat B., Törökne 
A., Han T., 2009. Review on the acute Daphnia magna toxicity test – Evaluation of the sensitivity and 
the precision of assays performed with organisms from laboratory cultures or hatched from dormant 
eggs. Knowledge and Management of Aquatic Ecosystems 393, 1-29. 
Rafiee P., Matthews C.O., Bagshaw J.C., MacRae T.H., 1986. Reversible arrest of Artemia 
development by cadmium. Canadian Journal of Zoology 64, 1633-1641. 
Raikow D.F., Landrum P.F., Reid D.F., 2007. Aquatic invertebrate resting egg sensitivity to 
glutaraldehyde and sodium hypochlorite. Environmental Toxicology and Chemistry 26, 1770-1773. 
Raikow D.F., Reid D.F., Maynard E.E., Landrum P.F., 2006. Sensitivity of aquatic invertebrate resting 
eggs to SeaKleen (menadione): A test of potential ballast tank treatment options. Environmental 
Toxicology and Chemistry 25, 552-559. 
Ritz C., Streibig J.C., 2005. Bioassay Analysis using R. Journal of Statistical Software 12, 1-22. 
Rousseaux S., 2011. The importance of genetic diversity and evolution in metacommunities. 
Dissertation, Katholieke Universiteit Leuven. 
Sarabia R., Del Ramo J., Díaz-Mayans J., Torreblanca A., 2003. Developmental and reproductive 
effects of low cadmium concentration on Artemia parthenogenetica. Journal of Environmental Science 
and Health, Part A: Toxic/Hazardous Substances and Environmental Engineering 38, 1065-1071. 
Sarabia R., Ramo J.D., Varó I., Díaz-Mayans J., Torreblanca A., 2008. Sublethal zinc exposure has a 
detrimental effect on reproductive performance but not on the cyst hatching success of Artemia 
parthenogenetica. Science of the Total Environment 398, 48-52. 
Shurin J.B., Dodson S.I., 1997. Sublethal toxic effects of cyanobacteria and nonylphenol on 
environmental sex determination and development in Daphnia. Environmental Toxicology and 
Chemistry 16, 1269-1276. 
Slusarczyk M., 1999. Predator-induced diapause in Daphnia magna may require two chemical cues. 
Oecologia 119, 159-165. 
Slusarczyk M., Dawidowicz P., Rygielska E., 2005. Hide, rest or die: A light-mediated diapause 
response in Daphnia magna to the threat of fish predation. Freshwater Biology 50, 141-146. 
Song W., Guo J., Ding F., Hu W., Li Z., Gao M., 2011. Study on acute toxicity and structure–activity 
relationship of Daphnia magna exposed to naphthoquinones. Environmental Toxicology and 
Pharmacology 32, 102-106. 
Sullivan J.J., 2000. Chemistry and environmental fate of fenoxycarb. US Environmental Protection 
Agency, Pesticide Registration Branch, U.S.A., p. 30. 
Tatarazako N., Oda S., 2007. The water flea Daphnia magna (Crustacea, Cladocera) as a test species 
for screening and evaluation of chemicals with endocrine disrupting effects on crustaceans. 
Ecotoxicology 16, 197-203. 
Tatarazako N., Oda S., Watanabe H., Morita M., Iguchi T., 2003. Juvenile hormone agonists affect the 




US Environmental Protection Agency, 2003. Environmental fate and ecological risk assessment for the 
re-registration of carbaryl, p. 178. 
Vandekerkhove J., Declerck S., Brendonck L., Conde-Porcuna J.M., Jeppesen E., De Meester L., 
2005a. Hatching of cladoceran resting eggs: Temperature and photoperiod. Freshwater Biology 50, 
96-104. 
Vandekerkhove J., Declerck S., Jeppesen E., Conde-Porcuna J.M., Brendonck L., De Meester L., 
2005b. Dormant propagule banks integrate spatio-temporal heterogeneity in cladoceran communities. 
Oecologia 142, 109-116. 
Varó I., Amat F., Navarro J.C., Barreda M., Pitarch E., Serrano R., 2006. Assessment of the efficacy of 
Artemia sp (Crustacea) cysts chorion as barrier to chlorpyrifos (organophosphorus pesticide) 
exposure: Effect on hatching and survival. Science of the Total Environment 366, 148-153. 
Walker C.H., Hopkin S.P., Sibly R.M., Peakall D.B., 2001. Principles of ecotoxicology. Taylor and 
Francis, U.K., p. 256. 
Walters J., Goh K., Li L., Feng H., Hernandez J., White J., 2003. Environmental monitoring of carbaryl 
applied in urban areas to control the glassy-winged sharpshooter in California. Environmental 
Monitoring and Assessment 82, 265-280. 
Wang H.Y., Olmstead A.W., Li H., LeBlanc G.A., 2005. The screening of chemicals for juvenoid-





Timing matters: sensitivity of Daphnia magna dormant eggs to fenoxycarb 
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Although Daphnia magna is a key species in many lentic freshwater ecosystems and is commonly 
used as model organism in ecology and ecotoxicology, very little is known about the effects of 
chemicals on their dormant life stages. Dormant eggs (ephippia) are produced when environmental 
conditions deteriorate, and Daphnia switch from clonal to sexual reproduction. Ephippia produced over 
different growing seasons can accumulate in the sediment of ponds and lakes, where they can be 
exposed to pesticides and other (anthropogenic) stressors. In the present study, we have investigated 
the effects of pesticide exposure on dormant eggs at different embryonic developmental stages and 
evaluated the degree of protection against pollution provided by the ephippial case. We therefore 
conducted a hatching experiment in which decapsulated and encapsulated dormant eggs were 
exposed to an insect growth regulator (fenoxycarb) at different stages during their development, both 
before and after activation of the eggs. In addition, we developed an analytical method to measure 
fenoxycarb concentrations in the dormant eggs. Fenoxycarb negatively affected development and 
hatching success and changed the timing of hatching in activated and in dormant eggs. Hatching 
characteristics as well as fenoxycarb concentrations inside the eggs differed significantly between 
exposure treatments. Final stages of embryonic development were most sensitive to pesticide 
exposure and had the highest tissue concentrations of fenoxycarb. Tissue concentrations did not differ 
significantly between decapsulated and encapsulated eggs, suggesting that the ephippial case offers 
limited or no direct protection against pesticide exposure. With this study we provide new evidence 
showing that pesticides can bioconcentrate in and affect D. magna dormant eggs. The severity of the 
effects on developing embryos depends on the timing of pesticide exposure. Our results stress the 
importance of considering the full life-cycle of model organisms used in ecotoxicological studies, since 








Cyclical parthenogenesis is a mixed reproductive strategy, combining both sexual and asexual 
reproduction (Bulmer, 1982; De Meester et al., 2004). This strategy is especially common and well-
studied in monogonont rotifers, aphids and cladocerans (Decaestecker et al., 2009). Like many other 
cladocerans, most Daphnia reproduce clonally under favorable environmental conditions, but switch to 
sexual reproduction when conditions deteriorate. Changes in, amongst others, oxygen level, food 
quantity and quality, photoperiod, temperature and predation can induce the production of males, 
which in turn fertilize sexual females, leading to the formation of dormant eggs (Alekseev and Lampert, 
2001; Slusarczyk et al., 2005; Koch et al., 2009; Fig. 1A). Unlike parthenogenetic eggs, these dormant 
eggs have thick multi-layered membranes (Seidman and Larsen, 1979; Zaffagnini, 1987; Fig. 1C) and 
are encapsulated in a protective structure, called ephippium (Schultz, 1977; Ebert, 2005; Fig. 1B), that 
protects them from mechanical damage and digestive enzymes of organisms like fish and birds 
(Mellors, 1975; Radzikowski, 2013). Dormant eggs can be dispersed to other water bodies or sink to 
the sediment layer, where they can remain viable for several decades to centuries (Frisch et al., 2014). 
Since only a fraction of the dormant eggs hatches each growing season, extensive mixed egg banks 
are build up over time, containing ephippia produced over different generations, thereby creating a 
buffering effect in terms of population dynamics and genetic diversity (Caceres, 1997; Brendonck and 
De Meester, 2003; De Meester et al., 2006). 
Daphnia plays a key role in many aquatic systems (Miner et al., 2012). It also is a well-established 
model organism in ecological and evolutionary research (Lampert and Kinne, 2011) and is used as 
standard test organism in ecotoxicology (Walker, 2014). Ecotoxicological studies using D. magna, 
performed according to internationally accepted guidelines (OECD TG 202; OECD, 2004; OECD TG 
211; OECD, 2012), generally focus on the effects of chemicals on the asexual part of the reproduction 
cycle, i.e. on clonal lineages consisting of genetically identical females. Despite its ecological 
importance, considerably less attention has been paid to the effects of chemicals on the sexual part of 
the reproduction cycle. Endpoints that could be affected by chemical exposure are: offspring sex ratio, 
dormant egg production and hatching success of dormant eggs. Of these, chemically induced 
production of male neonates has received increasing attention over the past years (Dodson et al., 
1999; Olmstead and LeBlanc, 2003; Tatarazako and Oda, 2007; Palma et al., 2009). This resulted in 
the inclusion of offspring sex ratio as an additional optional endpoint in OECD TG 211 (OECD, 2012), 
mainly used to screen chemicals for potential endocrine disrupting effects. So far however, surprisingly 
little is known about effects of chemicals on the other two endpoints. Olmstead and LeBlanc (2001) 
have shown that methoprene, a juvenile hormone analog, is able to affect sexual reproduction in D. 
magna (male production was significantly delayed and increased, while dormant egg production was 
decreased). Also, the surfactant nonylphenol, has been shown to reduce the production of dormant 







Fig. 1 A) Ephippial D. magna female; B) D. magna ephippium, opened to show two dormant eggs and the inner 
envelope, which normally surrounds the dormant eggs; C) membrane structure of D. magna dormant egg 
(scanning electron microscope image): 1 = outer membrane; 2 = middle membrane; 3 = inner membrane. 
A few studies have tested the effects of organic chemicals on hatching of Daphnia dormant eggs: the 
fire retardant Fire-Trol® 934 (Angeler et al., 2006), the insecticide fenoxycarb (Navis et al., 2013; 
Chapter 2) and the biocides menadione and sodium hypochlorite (Raikow et al., 2006; Raikow et al., 
2007), have been shown to negatively affect dormant egg hatching success of D. curvirostris, D. 
magna and D. mendotae, respectively. 
 
In the current study, we aim to expand our understanding of how and to which extent pesticides can 
affect development and hatching of D. magna dormant eggs, by determining the time window during 
which developing eggs are most sensitive to chemical exposure and by studying the protective value 
of the ephippial case. For this, we performed a hatching experiment, in which both decapsulated and 
encapsulated dormant eggs were exposed to the insect growth regulator fenoxycarb at different time 
periods during embryonic development, corresponding to different developmental stages (Fig. 2). In 
addition, we developed an analytical method that allows the measurement of fenoxycarb 
concentrations in the dormant eggs (Flemish Institute for Technological Research VITO NV, Mol, 
Belgium). To our knowledge, this is the first time that pesticide concentrations have been measured 
directly in the tissue of D. magna dormant eggs. Some earlier studies (Wyn et al., 2007; Chiaia-
Hernandez et al., 2013) have measured toxicant levels in dormant stages of Daphnia, but using 
homogenized ephippia, i.e. including the eggs as well as the ephippial case. The concentrations 
reported could therefore include chemicals retained by the ephippial case and may not necessarily 
reflect concentrations of toxicants inside the eggs. We used our analytical method to detect whether 
tissue concentrations differed between treatments that were used in the hatching experiment. Our 
hypothesis was that the extent to which fenoxycarb penetrated the eggs would be related to effects on 
development and hatching, and would differ between developmental phases. The eggs were expected 
to be least sensitive to fenoxycarb exposure when they were still dormant (i.e. before hatching was 






Material & Methods 
Daphnia magna dormant eggs 
As starting material for the experiments, ephippia from Langerodevijver, a shallow lake situated in 
nature reserve “Doode Bemde” close to Leuven (Belgium) were used. Sediment of this lake is known 
to contain a high density of D. magna ephippia (Rousseaux, 2011), with a high hatching success 
under optimal hatching conditions (Navis et al., 2013; Chapter 2). The top 5-10 centimeters (active egg 
bank: Caceres, 1998) of the dormant egg bank was sampled in December 2012. In the winter period 
the egg bank has its maximum size and eggs are in diapause. Pooled sediment samples were sieved 
(1 mm and 250 µm sieves) and stored for one year at 4°C in the dark before ephippia were manually 
isolated from the sediment fraction. This storage period ensured that diapause was terminated, the 
eggs became quiescent and hatching could be induced under favorable conditions (Stross, 1971; 
Vandekerkhove et al., 2005). For both experiments, isolated ephippia were kept under storage 
conditions until the start of the experiment, and all manipulations were performed in a room with only 
red light (700 nm), to prevent unwanted activation of the dormant eggs by light exposure. All eggs 
were thus dormant prior to incubation under optimal conditions (20°C and a photoperiod of 16h light: 
8h dark) and hatching was induced by light activation (47.2 µmoles/m2/s). For certain treatments, 
dormant eggs were mechanically decapsulated with metal tweezers shortly before the start of the 
experiments and only healthy eggs were used. 
Fenoxycarb 
Fenoxycarb, a juvenile hormone mimicking insecticide, was selected as a model pesticide, because it 
is known to interfere with hatching success and embryonic development of D. magna parthenogenetic 
(Mu and Leblanc, 2004) and dormant eggs (Navis et al., 2013; Chapter 2). Fenoxycarb (ethyl2-(4-
phenoxy-phenoxy)ethylcarbamate, CAS no. 72490-01-8, 99.6% purity, Sigma-Aldrich, Germany) was 
dissolved in absolute ethanol (purity min. 99.8%, VWR International, France), with a final 
concentration of 0.05% ethanol in all treatment solutions and in the solvent control. Test solutions 
were freshly prepared on each exposure day and stock solutions were stored at -20°C. Final nominal 
concentrations of 1 and 4 mg/L fenoxycarb were used. They were chosen based on previous hatching 
experiments (Navis et al., 2013; Chapter 2) where these concentrations were found to delay and 
suppress hatching and increase the percentage of malformations in developing embryos. This enabled 
us to compare the sensitivity of the different embryonic developmental stages to fenoxycarb exposure. 
The actual concentration of the highest nominal test concentration (4 mg/L) was verified using UPLC-







Fig. 2 Stages of normal embryonic development of D. magna dormant eggs, as observed at 20°C and 16h light: 
8h dark (photographs numbered 1-5, similar to developmental stages in parthenogenetic eggs as described by 
Kast-Hutcheson, 2001). Stage 1: no evidence of cellular differentiation (before and 0-12h after light activation). 
Stage 2: cellular organization and differentiation, 1st embryonic membrane is shed shortly after entry into stage 2 
(12-20h after light activation). Stage 3: embryonic development, pigmented eye is evident, 2nd embryonic 
membrane starts to rupture (21-30h after activation). Stage 4: embryonic maturation, head capsule and second 
antennae have differentiated. Ruptured 2nd embryonic membrane is often visible as caps on inner membrane (31-
45h after activation). Stage 5: Late embryonic maturation, antennae partially extended, shell spine folded against 
carapax. Volume inside the inner membrane increases until rupture of membrane (minimum 48 hours after 
activation). After that the organism is hatched and free swimming, second antennae setae are developed and 
shell spine is fully extended from the carapax. Depicted below the photographs are the four different experimental 
time-windows of fenoxycarb exposure (indicated as the hatched part of the bars), before and after light activation 
of the eggs (black is before activation, white after): T-1, 1 day exposure in the dark (dormant eggs); T1 exposure 
during the 1st day after light activation; T2 during the 2nd day; T1+2 during both days. 
 
Hatching experiment 
In a first experiment, both decapsulated (D) and encapsulated (ephippia; E) eggs (Fig. 1B) were 
exposed to fenoxycarb at different stages during embryonic development. Their hatching 
characteristics and the occurrence of developmental malformations were subsequently monitored 
during 10 days. Eggs were exposed to fenoxycarb during one of four exposure times: from 24 h before 
light activation until just before light activation (T-1); and at different time periods after light activation: 
only during the first 24 h (T1); from 24 h until 48 h (T2); or for 48 h, starting directly after light activation 
(T1+2). These exposure times coincide with different developmental stages during the hatching 
process of dormant eggs (Fig. 2) as observed in previous experiments (Navis et al., 2013; Chapter 2): 
T1 corresponds to early embryonic development and T2 to late embryonic development. The dormant 
(T-1) or activated (T1, T2 and T1+2) eggs were exposed to either 1 or 4 mg/L fenoxycarb or to control 
conditions. This resulted in a total of 26 experimental treatments; 4 exposure times (T-1, T1, T2 and 
T1+2) * 3 pesticide concentrations (0, 1 or 4 mg/L fenoxycarb) + 1 solvent control for T1+2 (the 
longest exposure time) = 13 exposure treatments * 2 egg types (D and E). For each treatment, 48 
decapsulated eggs (D) or 48 ephippia (E) were placed individually in the wells of 24-well microtiter 
plates (polystyrene, non-coated, sterile plates, Greiner Bio-One GmbH) containing 2 mL of exposure 







To ensure that exposure to the pesticide could only occur during the pre-determined time window, the 
eggs were rinsed and transferred into new microtiter plates with 2 mL fresh ADaM-water after the 
exposure period had ended. Treatments were randomized over plates in such a way that each 
treatment was allocated to four randomly assigned half multiwell plates. For treatments T1, T2 and 
T1+2, plates were incubated for 10 days at 20±2°C in a light:dark regime of 16:8h, to simulate spring 
conditions and induce hatching. Under these specific conditions, hatching of eggs from this population 
is known to be very successful (above 80%) and synchronized (Navis et al., 2013; Chapter 2). For 
treatment T-1, plates were first exposed to fenoxycarb in total darkness at 20±2°C, simulating 
conditions preceding the activation of dormant eggs, and transferred to light conditions after the 24 
hours of dark exposure had ended. All incubated eggs were checked daily for hatching. At the end of 
the experiment (day 10), all ephippia (E) were opened and checked for any remaining (unhatched) 
eggs. In addition, embryonic development and morphological abnormalities were monitored using a 
stereomicroscope (for decapsulated eggs daily during the hatching experiment, for eggs encased in 
ephippia only after termination of the experiment). 
Fenoxycarb in dormant egg tissue – experiment and analytical method 
In a second experiment, tissue concentrations of fenoxycarb in the developing embryos were 
analysed. For this, dormant eggs of D. magna (either decapsulated or encapsulated eggs) were 
exposed to 4 mg/L fenoxycarb at similar exposure treatments as in the previous hatching experiment. 
This resulted in 8 experimental treatments; 4 exposure times (T-1, T1, T2 and T1+2) * 1 concentration 
fenoxycarb (4 mg/L) * 2 egg types (D and E). For each treatment three replicates were included, and 
per replicate 100 eggs (D) or 100 ephippia (E) were exposed in the wells of a 6-well microtiter plate 
with 6 mL of exposure solution. Dormant eggs were removed from the ephippia directly after the 
exposure period had ended and only the eggs were used for further analysis to exclude fenoxycarb 
retained by the ephippial case. All eggs were rinsed in fresh ADaM-water, collected into cryotubes 
(100 eggs per tube) and stored at -80°C until further analysis. 
To a sample consisting of 100 Daphnia eggs, 1 mL of pure methanol was added and the mixture was 
vortexed during 1 min. After 1 h of equilibration, the mixture was vortexed again and subsequently 
centrifuged at 16000 g (Galaxy 16DH ultracentrifuge, VWR, Belgium). The supernatant was 1/1 diluted 
with water and 10 µL of this solution was injected into the UPLC-MS/MS system (Waters Acquity 
UPLC system coupled to a Waters Xevo-TQS triple quadrupole mass spectrometer, with a Waters 
Acquity BEH C18 (1.7 µm, 100*2.1 mm) column at 40°C). The mobile phase consisted of a 
water/acetonitrile/4 mM ammonium acetate/0.1% formic acid gradient. The mass spectrometer was 
operated in positive electrospray mode and fenoxycarb was detected on the basis of the MRM 
transition 301.98 (precursor ion)>87.8 (product ion). The cone voltage was set at 40V, the collision 
energy at 19V. The peak of fenoxycarb was integrated and the concentration was calculated using 
external calibration. A linear correlation between peak area and concentration was obtained, with a 
correlation coefficient (r2) of >0.995. The average recovery was 86%; the recovery was determined for 





The limit of quantification, which was calculated as the concentration corresponding to 6 times the 
chromatogram noise of a 0.3 µg/L extract, was 0.02 ng/100 eggs (or 0.02 µg/L in the extract). All 
reagents used were analytical grade and obtained from commercial sources; methanol and acetonitrile 
(UHPLC–grade, Fisher, Belgium), formic acid (>98%, Merck), fenoxycarb and ammonium acetate 
(resp. purity 99.5% and 99.9%, Sigma-Aldrich, Belgium). Water used was purified using a Milli-Q 
Direct-Q3 system (Millipore, Milford, MA, USA). Individual standard solutions of fenoxycarb were 
prepared in methanol at concentrations of 0.09 to 34 µg/L and stored at 4°C. 
Statistical analysis 
For the hatching experiment, both hatching success as well as developmental malformations of the 
embryos (in %) were related to timing and concentration of fenoxycarb exposure as well as to egg type 
(decapsulated and encapsulated) using generalized linear models (GLM) with a logit-link function and 
binomial distribution, followed by sequential Bonferroni-correction (Holm, 1979), to correct for multiple 
testing. Plate identity was taken into account by including it as a random blocking factor. In the 
hatching experiment, blank controls were included for each exposure time while a solvent control 
treatment was incorporated for the longest fenoxycarb exposure (T1+2). Effects of the pesticide on 
timing of hatching (day of maximum hatching) were evaluated only for decapsulated eggs, using two-
way ANOVA´s followed by Tukey´s HSD post-hoc tests. For encapsulated eggs, this was not possible, 
since hatched (but deformed) individuals still present in the ephippia were only observed upon opening 
of the ephippia after termination of the experiment, making it impossible to determine their actual day 
of hatching. Tissue concentrations of fenoxycarb were log transformed, in order to ensure 
homogeneity of variances (Levene´s test) and the effect of exposure time and egg type on the  
concentrations in the eggs were also analysed using two-way ANOVA´s and Tukey´s HSD post-hoc 
tests. All statistical analysis were performed in R statistical software v3.0.2 (The R Foundation for 




Both fenoxycarb exposure and egg type (decapsulated vs encapsulated) had a significant effect on 
hatching success of D. magna dormant eggs (Table 1). The extent of the effects differed between the 
four exposure times. When exposure took place during the two days after activation (i.e. incubation 
under light conditions) (T1+2), or only on the second day after activation (T2), hatching success of the 
decapsulated eggs was significantly negatively impacted by fenoxycarb (reduction of 26.6% and 
33.5% at 4 mg/L fenoxycarb for T1+2 and T2, respectively; Fig. 3C+D). For the other two exposure 
times no significant effect on hatching of decapsulated eggs was observed. Hatching of encapsulated 
eggs was significantly negatively impacted by fenoxycarb exposure at T-1 (1 day in the dark) and 










Fig. 3 Effects of fenoxycarb (fnx) treatment at four different exposure times (T-1, T1, T2 and T1+2) on cumulative 
hatching percentage during 10 days after exposure (left panel) and on the percentage of deformed hatchlings 
(right panel). T-1 = dark exposure for 1 day, T1 = exposure on day 1, T2 = exposure on day 2, T1+2 = exposure 
on day 1 and 2. Fnx1 = fenoxycarb 1 mg/L, Fnx4 = fenoxycarb 4 mg/L, nominal test concentrations. Light grey 
bars represent decapsulated eggs (D) and dark grey bars eggs encapsulated in their ephippial case (E) during 
exposure. Hatched parts of the bars indicate deformed embryos that did not hatch. Distinct letters in the figures 
indicate significant differences among treatments within exposure times (n = 48, p < 0.05, generalized linear 







Fig. 4 Effects of fenoxycarb (Fnx) exposure on day of maximum hatching, for the four different exposure times (T-
1, T1, T2, T1+2) and for decapsulated eggs only. At T2 and T1+2 hatching was significantly delayed at the 
highest fenoxycarb concentration (4 mg/L). Distinct letters in the figure indicate significant differences (n=12, p < 
0.05, 2-way ANOVA, followed by Tukey´s HSD post-hoc test). 
 
Even in treatments where fenoxycarb had no direct effects on hatching, it caused malformations in 
developing embryos (deformities of tail spine, antennae, carapax and compound eye were observed). 
This increase in developmental malformations was significant (Table 1) at all four exposure times and 
both fenoxycarb concentrations (Fig. 3E-H). Malformations in embryos from decapsulated eggs were 
most severe when exposed at T2 and T1+2. At these two exposure times hatching was also 
significantly delayed (Fig. 4). The percentage of developmental malformations was lowest in 
encapsulated eggs exposed at T-1; many eggs (55-59%) from this treatment did not develop at all and 
remained in stage 1. Most deformed embryos exposed at T-1 and T1 could still hatch, but at T2 and 
T1+2 there was a large fraction of deformed embryos that were unable to hatch (40.4% and 27.1% 
resp. for decapsulated eggs at 4 mg/L fenoxycarb). 
 
Table 1 Results of generalized linear model of effects of fenoxycarb exposure (fnx conc), window of exposure 
(time), egg type and their interactions, on cumulative hatching after 10 days and developmental malformations in 
hatched individuals. 
 Chi2 Df P-value 
Cumulative hatching (%)    
Fnx conc 98.43 3 < 0.001 * 
Time 21.61 3 < 0.001 * 
Egg type 118.57 1 < 0.001 * 
Fnx conc * Time 10.08 6    0.121 
Fnx conc * Egg type 22.93 3 < 0.001 * 
Time * Egg type 12.97 3    0.005 * 
Fnx conc * Time * Egg type 16.85 6    0.010 * 
Developmental malformations (%)    
Fnx conc 711.50 3 < 0.001 * 
Time 45.43 3 < 0.001 * 
Egg type 72.01 1 < 0.001 * 
Fnx conc * Time 2.91 6    0.820 
Fnx conc * Egg type 4.20 3    0.241 
Time * Egg type 7.18 3    0.066 







Fenoxycarb concentration in eggs 
Concentrations measured in the eggs ranged from 15.7 to 1337.3 ng/100 eggs (Fig. 5). The 
concentrations of fenoxycarb differed significantly among the exposure times (F = 89.664; df = 3; p < 
0.001), but not between the two egg types (F = 0.824; df = 1; p = 0.377). Lowest concentrations were 
detected in dormant eggs that were encapsulated in their ephippium during exposure to fenoxycarb for 
1 day while still in the dark (T-1). Highest concentrations were detected in decapsulated eggs, 
exposed during the 2nd day after activation by light (T2) (Fig. 5). Average concentrations (mean of 
three replicates) for these treatments were; 19.6 ng/100 eggs for encapsulated eggs from T-1 and 
923.2 ng/100 eggs for decapsulated eggs from T2. 
In Figure 6, we integrated the results of hatching success and intra egg pesticide concentrations. For 
decapsulated eggs, treatments with the highest tissue concentration of fenoxycarb coincided with 
lowest hatching success (Fig. 6A). Even at low tissue concentrations, fenoxycarb caused 
developmental malformations in the embryos (Fig. 6B). And in all treatments a very large portion 
(>80%) of the hatchlings was deformed (Fig. 6C).  
 
 
Fig. 5 Concentrations of fenoxycarb measured by UPLC-MS/MS in D. magna dormant eggs; light grey bars 
indicate decapsulated eggs, dark grey bars represent eggs encapsulated in their ephippial case during exposure. 
The two egg types were exposed to 4 mg/L fenoxycarb at four different stages during embryonic development (T-
1, T1, T2 and T1+2). Highest fenoxycarb concentrations were detected in embryos exposed during later 
developmental stages (T2 and T1+2). Distinct letters in the figure indicate significant differences (p < 0.05, 2-way 












 Correlation between concentrations of fenoxycarb measured in egg tissue (average fenoxycarb 
concentration of three replicate samples, expressed in ng/100 eggs) and A) cumulative hatching success (%), B) 
developmental malformations (%) observed in the embryos, and C) deformed hatchlings (%). Light grey circles 
represent treatments with decapsulated eggs, dark grey circles with encapsulated eggs, exposure times (T-1, T1, 
T2 and T1+2) are indicated next to the corresponding symbols.  
                                                     
1 Figure 6 depicts a graphical representation of the measured internal egg concentrations and three endpoints 
related to the hatching experiment, intended to integrate and visualize results of the different experiments. The 







Although D. magna is a key species in many freshwater ecosystems (Lampert and Kinne, 2011; Miner 
et al., 2012) and one of the most commonly used test species in ecotoxicology (Walker, 2014), very 
little is known about the effects of chemicals on their dormant life stages. In previous work we have 
demonstrated that pesticides can not only affect development and hatching success of D. magna 
dormant eggs, but also survival and performance of the individuals hatched from exposed eggs (Navis 
et al., 2013; Chapter 2). In the present study, building further on these findings, we have shown that, 
a) the time-window of exposure during embryonic development determines the impact on hatching 
success and timing as well as the severity of deformations in embryos and hatchlings, and b) these 
effects can be related to the internal fenoxycarb concentrations as measured in the egg tissue. In 
addition, fenoxycarb tissue concentrations in decapsulated versus encapsulated eggs did not differ 
significantly, suggesting that the ephippial case offers limited or no direct protection against 
fenoxycarb exposure. 
Timing of exposure determines impact of fenoxycarb on developing embryos 
As hypothesized, the negative effects of fenoxycarb on embryonic development and hatching 
characteristics (cumulative percentage and timing) of D. magna dormant eggs, differed significantly 
between the four exposure times. The final stages of embryonic development (Fig. 2 Stages 4 and 5) 
were most sensitive to fenoxycarb exposure. Before light activation, dormant eggs are surrounded by 
three membranes (Zaffagnini, 1987), after activation and during embryonic development these 
membranes are shed and at the last developmental stage, embryos are only protected by one external 
membrane and become much more active. This allows a higher influx of the surrounding medium 
(Davison, 1969) and thus also fenoxycarb into the eggs. Bodar et al. (1989) similarly found that the 
last embryonic instars of developing parthenogenetic eggs of D. magna were most sensitive to metal 
exposure. 
Bioconcentration of fenoxycarb in dormant egg tissue 
Previously, we have shown that the extent to which pesticides can affect dormant eggs of D. magna 
can differ between pesticides (Navis et al., 2013; Chapter 2): fenoxycarb had significant negative 
effects on development and hatching, while there were no such direct effects of carbaryl. We 
suggested that this could be related to the toxicants mode of action and difference in the ability of the 
two pesticides to bioconcentrate in the eggs. In this study we have proven that fenoxycarb is indeed 
taken up from the water fraction by dormant eggs of D. magna and that the level of bioconcentration 
depends on the timing of pesticide exposure during embryonic development. Fenoxycarb levels in 






Our findings on bioconcentration of fenoxycarb cannot directly be compared to other studies, since, to 
our best knowledge, this is the first study to quantify pesticide concentrations inside Daphnia dormant 
eggs. In two previous studies, metals (Wyn et al., 2007) and several organic contaminants (Chiaia-
Hernandez et al., 2013) were measured in whole Daphnia ephippia (including the eggs as well as the 
protective maternal case) while in a diapausing state. Both studies found that contaminants were 
taken up in ephippia. Bioconcentration of organic compounds depended mainly on their 
hydrophobicity. For diazinon, a pesticide with a similar log Kow as fenoxycarb (but a different mode of 
action), a bioconcentration factor of 170 L/kglip has been reported (Chiaia-Hernandez et al., 2013). 
However, a substantial number of ephippia in this study did not contain any eggs (around 80%). 
Therefore it is likely that part of the toxicant levels measured, actually consisted of chemicals 
retained/absorbed by the ephippial case, instead of the egg tissue.  
Protective value of ephippial case 
One of our aims was to identify whether the ephippial envelope would protect the dormant eggs 
against toxicant exposure. Tissue concentrations did not differ significantly between decapsulated 
versus encapsulated eggs at any of the four exposure windows. This observation suggests limited or 
no direct protection of the ephippial case against chemical exposure of the embryos. Instead, the 
effect of the pesticide exposure seems to be determined by the (number of) membranes surrounding 
the embryo during the exposure period. In addition, fenoxycarb had an even stronger effect on 
hatching success of encapsulated than decapsulated eggs (Fig. 3A-D). A possible explanation for this 
might be that embryos from encapsulated eggs needed more energy to hatch (extra cost of getting out 
of the ephippial case), leading to a stronger negative effect of pesticide exposure. 
Ecological implications 
With this study we contribute to existing evidence showing that pollutants cannot only affect survival 
and reproduction of clonal lineages of Daphnia, but also have effects on hatching of dormant eggs 
(Angeler et al., 2006; Raikow et al., 2006; Raikow et al., 2007; Alekseev et al., 2010; Navis et al., 
2013; Chapter 2). Even though dormant eggs show a high tolerance to extreme physical conditions 
like freezing and desiccation (Mellors, 1975; Radzikowski, 2013), they can still be affected by chemical 
pollution. Effect levels of fenoxycarb for development and hatching are about twice the acute effect 
levels for neonates: 48h EC50 of D. magna neonates is 0,5-0,6 mg/L (EFSA, 2010), while the EC50 for 
hatching is 1,3 mg/L (Navis et al., 2013; Chapter 2). Embryonic development of parthenogenetic eggs 
seems to be affected at concentrations about 1000 times lower (Mu and LeBlanc, 2004) than 
embryonic development in dormant eggs. This indicates that, with respect to fenoxycarb exposure, 
dormant eggs are less sensitive than endpoints related to the asexual part of the reproduction cycle in 
D. magna. Our study clearly indicates that the severity of the effects of pesticide exposure on 
developing dormant eggs of D. magna depends on the timing of exposure, with the later 
developmental stages being most sensitive. However, eggs were not only affected during embryonic 
development (after activation by light incubation), but even when they were still dormant (in dark 






Depending on the reversibility of these effects, exposure to certain types of chemicals could therefore 
impact the size and structure of zooplankton dormant egg banks, in turn affecting the benthic-pelagic 
coupling in aquatic systems (Gyllström and Hansson, 2004; Angeler and Garcia, 2005). Interference 
with development and hence a reduced hatching from the mixed egg bank may have effects on 
(re)colonization of aquatic systems. Small active population sizes could further lower the amount of 
produced dormant stages, eroding the buffering capacity of the egg bank against the risk of local 
extinction and loss of genetic diversity (Levin, 1990; Brendonck and De Meester, 2003). In current 
higher-tier studies concerning potential long-term impacts of chemical exposure on zooplankton 
communities and populations, impacts on dormant life stages are generally not taken into account 
(e.g. Beketov et al., 2008; Stampfli et al., 2011). This could result in incomplete or false assessments 
regarding the potential for recovery of aquatic ecosystems that were previously exposed to pesticides. 
Our results stress the importance of considering the full life-cycle of model organisms used in 
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Acute and chronic effects of exposure to the juvenile hormone analogue 












In the last two decades, several studies have demonstrated that insect growth regulating insecticides 
are able to affect reproduction in a number of zooplankton species at very low exposure levels. In the 
cyclic parthenogenetic water flea Daphnia, most of this research has focused on the asexual part of 
the life cycle and on the induction of male offspring. Much less is known about effects on the quantity 
and quality of sexual, dormant eggs. Using fenoxycarb as a model pesticide, we exposed male and 
female neonates, under conditions inducing a switch to sexual reproduction, and tested for effects on 
dormant egg (ephippia) production and sex ratio of parthenogenetic offspring. We then also assessed 
whether fenoxycarb exposure affected the viability of the produced dormant eggs, as well as survival 
and life-history characteristics of hatched individuals. Our results show that exposure to fenoxycarb 
concentrations of 1 µg/L or higher caused a decrease in both parthenogenetic and sexual egg 
production, while inducing the production of male offspring. Tested fenoxycarb concentrations are in 
the range of peak levels found in the environment after pulse exposures. There were no significant 
effects of fenoxycarb exposure on the survival and life history characteristics of the hatchlings. This 
indicates that even though the quantity of dormant eggs was reduced, the quality of the eggs was not 
affected significantly by fenoxycarb exposure. Impacts on both the sexual and asexual reproductive 
phase in D. magna, through changes in quantity and timing of male versus female offspring and 
ephippia production, could affect the active aquatic phase as well as the dormant phase in 







Over the past few decades, considerable attention has been paid to (potential) endocrine disruption in 
wildlife caused by chemical substances, so called endocrine disruptors. A widely used definition for an 
endocrine disrupting chemical (EDC) is “an exogenous substance or mixture that alters function(s) of 
the endocrine system and consequently causes adverse health effects in an intact organism, or its 
progeny, or (sub)populations” (WHO, 2002). The most well-known examples are probably organo-
chlorine pesticides (mainly DDT) causing eggshell thinning in predatory birds (Grasman et al., 1998), 
and the anti-fouling agent tributyltin causing imposex in marine snails (Waite et al., 1991; Evans and 
Nicholson, 2000). Many more studies have identified chemicals that exhibit hormone-like activity 
(reviewed in Sumpter, 2005; Rodriguez et al., 2007; Tatarazako and Oda, 2007). Valid endpoints and 
experimental setups to test for endocrine disruption remain heavily debated and to date no clear cut 
testing strategies exist (Dietrich et al., 2013; OECD GD 150; OECD, 2012). 
Several studies have demonstrated that certain chemicals (mainly insect growth regulating 
insecticides, IGR´s) are able to mimic methyl farnesoate (MF), an important terpenoid hormone in 
crustaceans that is involved in the regulation of embryonic development, growth and reproduction, 
comparable to juvenile hormones in insects (reviewed in LeBlanc, 2007). Exposure to juvenile 
hormone mimicking substances has been shown to influence asexual reproduction in zooplankton 
species at very low concentrations, and induces the production of male offspring (Olmstead and 
LeBlanc, 2001a; Abe et al., 2015). In many so-called cyclic parthenogenetic zooplankton species, 
including the commonly used model organism Daphnia magna, asexual reproduction is alternated with 
a sexual reproductive phase (Decaestecker et al., 2009). Under favorable conditions Daphnia produce 
asexually (clonal lineages), allowing a rapid population growth during the growing season. When 
conditions become less favourable (indicated by e.g. low temperatures, crowding, changes in 
photoperiod, food quantity and quality), the organisms switch to sexual reproduction, where males are 
produced that fertilize haploid eggs produced by sexual females (Alekseev and Lampert, 2001; 
Abrusán et al., 2007; Walsh, 2013). The resulting dormant eggs (encapsulated in a protective 
envelope called ephippium) usually sink to the bottom of the water body and accumulate in so-called 
dormant egg banks, from which each growing season a fraction can hatch. Unhatched eggs can 
remain dormant, but viable, for several decades to centuries (Frisch et al., 2014). Delayed hatching 
from the egg bank is generally considered a risk spreading strategy to cope with environmentally 
harsh and sometimes unpredictable conditions and appears crucial for the long-term persistence of 
zooplankton populations (Brendonck and De Meester, 2003). To date, most studies on the impact of 
toxicant exposure in cyclic parthenogens focused on the asexual reproduction cycle, while 
consequences for the sexual reproductive phase remain understudied. Stages of the sexual 
reproductive phase that could be impacted by toxicant exposure are: 1) the switch from 
parthenogenetic to sexual reproduction, as signaled by the induction of males (offspring sex ratio), 2) 
the timing and quantity of ephippia production, and 3) the quality of produced dormant eggs (e.g. 






Several studies have established that IGR´s can impact sex determination in various zooplankton 
species (Oda et al., 2005), including D. magna (Olmstead and LeBlanc, 2000, 2003; Tatarazako, 
2003; Wang et al., 2005). Offspring sex in Daphnia is normally determined by environmental 
conditions, and occurs during later stages of ovarian oocyte maturation (Olmstead and Leblanc, 2002). 
Exposure to IGR´s can induce the production of male offspring in Daphnia clones, producing female 
broods under control conditions (Oda et al., 2005). To screen for potential endocrine disrupting effects 
of chemicals, sex ratio has recently been included as an additional, optional endpoint in the Daphnia 
reproduction test (Tatarazako and Oda, 2007; OECD Guideline 211; OECD, 2012). So far, there is 
little experimental data available regarding effects of toxicants on the various endpoints of the sexual 
reproduction cycle in Daphnia. A few studies have tested for the impact of chemicals on dormant egg 
production (Shurin and Dodson, 1997; Olmstead and LeBlanc, 2001b; Saika et al., 2006) and they all 
observed a decrease in ephippia production with increasing toxicant concentration. However, none of 
these studies tested for effects of toxicant exposure on the quality of the produced dormant eggs, as 
indicated by hatching success and the survival and life history characteristics of hatched individuals. 
In previous studies we determined that fenoxycarb is able to affect embryonic development of D. 
magna dormant and parthenogenetic eggs (Navis et al., 2013, 2015; Chapter 1-3). Fenoxycarb was 
the only model pesticide we screened that affected not only embryonic development, but also hatching 
success of dormant eggs (Chapter 1). With this study we aim to increase our understanding of the 
influence of exposure to the IGR fenoxycarb on both the number and quality of dormant egg 
production in D. magna. We therefore exposed male and female neonates, under conditions inducing 
a switch to sexual reproduction, and tested for effects on both sexual and parthenogenetic 
reproduction (Fig. 1, number 1A+1B). Next, after a subsequent cold period, we used the produced 
dormant eggs in a hatching experiment, to assess their viability (Fig. 1, number 2+3). In addition, 
survival and life-history characteristics of hatched individuals were also monitored (Fig. 1, number 4). 
 
Material and methods 
Daphnia magna – study population 
D. magna clones originating from a field population “Langerodevijver” (LRV: Korbeek-Dijle, Belgium) 
were used for all experiments. This population was selected because it is located in a rather pristine 
environment (nature reserve “Doode Bemde”; Orsini et al., 2012) and contains a high density of D. 
magna (Navis et al., 2013; Chapter 2). Clones used in our experiments were either hatched from 
ephippia that were isolated from the sediment (top 5 centimeters, active egg bank; Caceres, 1998) or 
collected directly from the aquatic phase in the winter period of 2011/2012 or 2012/2013. Clones were 
cultured in the laboratory for a minimum of one year at 20 ± 2°C, a light:dark regime of 16:8h, with the 








Fig. 1 Effects of fenoxycarb exposure during the sexual reproductive phase in D. magna: 1A) on the quantity of 
dormant eggs produced (number of ephippia); 1B) on the number and sex ratio of parthenogenetic eggs); 2) on 
the quality of the produced dormant eggs, quantified by 2A) filling percentage and egg volume, 2B) hatching 
success, and 2C) life history characteristics of hatched individuals (age at maturity, size first brood). Fenoxycarb 
exposure in this study only took place during the sexual reproductive phase (grey striped bar). Produced ephippia 
were removed daily from the exposure medium, rinsed and stored in clean medium for two months in cold and 
dark conditions (black bar), prior to inducing hatching under optimal conditions (white bar). 
 
Fenoxycarb exposure under conditions inducing sexual reproduction 
We tested the effects of fenoxycarb exposure under conditions inducing sexual reproduction. For this 
we added three female neonates (less than 48h old) from each of three different clones (9 females in 
total) with a high affinity for production of ephippia (selected based on a pilot experiment) to a beaker 
with 200 mL artificial freshwater (ADaM-medium: Klüttgen et al., 1994). Next, four male neonates 
produced by a fourth clone were added to the same test vessel. This resulted in a total of 13 
individuals in 200 mL, which simulates crowding. To further stimulate sexual reproduction, these 
neonates were kept under a short-day photoperiod (8h light:16h dark) (De Meester and De Jager, 
1993; Alekseev and Lampert, 2001). In addition, the food source was changed to Nannochloropsis 
limnetica (1*105 cells/ml), because good food quality (mainly fatty acid composition) has been 
demonstrated to be an important factor in the induction of dormant egg production (Abrusán et al., 
2007). After one week, just before the females became mature, they were exposed to six fenoxycarb 
treatments : 0.1, 1, 10 and 100 µg/L, a blank and a solvent control (0.05% ethanol). We verified that all 
used test concentrations are sub-lethal in a pilot experiment (Navis, unpublished results; published 
48h EC50 for D. magna neonates = 500-600 µg/L; EFSA, 2010). Each treatment was replicated nine 
times, which resulted in 6 treatments * 9 replicates = 54 experimental units. For a period of 14 days, 
the test organisms were exposed to fenoxycarb, and medium was changed every other day. 
Parthenogenetic offspring and ephippia were removed from the test beakers daily. Collected ephippia 
were rinsed twice in clean ADaM-medium and transferred into cryotubes covered with aluminium foil 





In addition, mortality of the adults and sex ratio of parthenogenetic offspring was recorded daily. 
Offspring sex was determined by visual inspection of the first antennae, using a stereomicroscope 
(Olmstead and LeBlanc, 2000). 
After a storage period of eight weeks at 4°C (needed to break diapause and allow the eggs to become 
quiescent; Stross, 1971; Vandekerkhove et al., 2005), we tested the viability of the produced dormant 
eggs in a hatching experiment. The collected ephippia were first decapsulated mechanically to 
determine the filling percentage (100% indicates two eggs were present in the ephippium) and we 
measured the size of the dormant eggs (longest and shortest axis) to estimate egg volume (Olympus 
CKX41 inverted microscope, magnification 10x). Dormant eggs were placed individually in the wells of 
a 24-well microtiter plate (polystyrene, non-coated, sterile plates, Greiner Bio-One GmbH) containing 2 
mL ADaM-medium and incubated at 20±2°C and 16h light:8h dark. Eggs originating from different 
fenoxycarb treatments (two controls, four fenoxycarb concentrations) and collected at different days 
during the experiment were randomly allocated to plates. Hatching characteristics and development 
were monitored daily for 10 days. 
Finally, to test if survival and important life history variables of the hatched individuals were affected by 
fenoxycarb exposure of the mothers, we monitored 20 hatchlings from each of the six treatments for 
their life history traits in a life-table experiment up to production of their first brood. From each 
treatment, 20 hatchlings were collected from the day of maximum hatching (and subsequent days in 
case not enough hatchlings were obtained on one day; in most cases the day of maximal hatching 
was day 3) and transferred individually into 100 mL beakers with ADaM-medium. Survival was 
monitored daily, and in addition age at maturity and size of the first brood were determined. 
Statistical analysis 
The effect of fenoxycarb exposure was evaluated using one-way ANOVA´s followed by Tukey´s HSD 
post-hoc tests, for the following endpoints: number of parthenogenetic offspring, number of ephippia, 
age at maturity of the hatchlings and size of their first brood. All results regarding reproductive output 
were corrected for adult mortality and are expressed per surviving female. Effects on offspring sex 
ratio, adult survival, filling percentage of the ephippia, hatching of the dormant eggs and survival of the 
hatchlings were statistically evaluated using generalized linear models (GLM) with a logit-link function 
and binomial distribution, followed by sequential Bonferroni-correction (Holm, 1979). All statistical 
analysis were performed in R statistical software v3.0.2 (R Development Core Team, 2013). In all 
experiments a blank control and a solvent control treatment were included. If the results of both control 









Effects on number and sex ratio of juveniles  
Survival of the adults (both males and females) in control treatments ranged from 76.9-100%. Adult 
survival in the fenoxycarb treatments was not significantly different from the control treatments (Table 
1). In the control treatments on average (± st.error) 8.2±0.4 juveniles were produced per surviving 
female over the course of the experiment. In fenoxycarb exposed treatments, parthenogenetic 
reproductive output was significantly lower (Table 1), with a 72.5% decrease at the lowest effect 
concentration of 1 µg/L (2.2±0.4), and almost no juvenile production at the highest fenoxycarb 
treatment (0.3±0.1; Fig. 2). Fenoxycarb also had a significant effect on the proportion of male offspring 
(Table 1). Under control conditions, around 5% of the parthenogenetic offspring was male. After 
exposure to 0.1 µg/L (the lowest test concentration) no males were produced in any of the replicates. 
Exposure to 1 µg/L fenoxycarb or higher concentrations caused a significant increase in male 
production (Fig. 3; Table 1).  
Effects on ephippia production 
Production of ephippia showed a (marginally significant) effect of fenoxycarb treatment, with a 
tendency for a lower number of ephippia per surviving female at the higher fenoxycarb concentrations 
(Table 1). Under control conditions 0.8±0.1 ephippia were produced per female, which is equivalent to 
about one ephippium every ten days from the start of production. When exposed to fenoxycarb, 
ephippia production was between 17.1-47.0% lower (Fig. 2). In a few replicates of the higher 
fenoxycarb treatments, no ephippia were produced at all. However, even under control conditions, 
there was quite some variation in ephippia production, and none of the post hoc comparisons among 
treatments was significant. 
 
Fig. 2 Effects of fenoxycarb exposure during the sexual phase of the reproduction cycle. Light grey bars represent 
the total number of juveniles produced per surviving adult female (average, n=9; parthenogenetic offspring). Dark 
grey bars represent the total number of ephippia produced per surviving female over the course of the experiment 
(average, n=9; sexual reproduction). Distinct letters on top of the bars indicate significant differences (p < 0.05, 1-






Table 1. Results of 1-way ANOVA and generalized linear models, testing for the effects of fenoxycarb exposure 
on respective endpoints throughout the experiment. The categories in the left column refer to the different phases 
of the experiment as indicated in Fig.1. 
Category Endpoint df F/Chi2 p-value 
1A Ephippia / surviving female 5 2.45    0.047 * 
1B Juveniles / surviving female 5 69.46 < 0.001 * 
1B Sex ratio offspring 5 135.91 < 0.001 * 
1A+B Survival adults 5 8.28  0.142 
2A Dormant egg volume (µm3) 5 0.74  0.593 
2A Filling ephippia (%) 5 1.56  0.906 
2B Hatching dormant eggs 5 16.98    0.005 * 
2C Survival hatchlings 5 7.01  0.220 
2C Age maturity hatchlings (days) 5 1.48  0.202 
2C Size 1st brood hatchlings 5 0.46  0.808 
 
Effects on filling, egg volume and hatching of produced dormant eggs 
Filling percentages ranged from 80.0-86.5% (Table 2), meaning that most ephippia contained two 
eggs. There were no significant differences in filling percentage between ephippia collected from 
control or fenoxycarb treatments nor was there an effect of fenoxycarb treatment on egg volume 
(Table 1). We did find a significant effect of fenoxycarb exposure on hatching of the isolated dormant 
eggs (Table 1). From the controls 44.8% of the eggs hatched, whereas 68.8% of eggs hatched from 
the 1 µg/L fenoxycarb treatment. This was the only treatment that was significantly different from the 
controls. No dose-related increase or decrease in hatching success was observed.  
 
 
Fig. 3 Effects of fenoxycarb exposure on sex ratio (number of males divided by the total number of juveniles per 
replicate; average, n=9) of parthenogenetic offspring in D. magna. Distinct letters on top of the bars indicate 
significant differences (p < 0.05, generalized linear model, followed by sequential Bonferroni-correction). The 
photograph in the top left corner shows a 24-hour old male (left) and female (right) of D. magna (adapted from 







Table 2. Summary of the effects of fenoxycarb exposure during the sexual reproductive phase on the produced 
dormant eggs (endpoints related to Fig. 1, categories 2A-C): quality of ephippia (filling and hatching percentage) 
and hatchlings (survival and life history traits). 
Treatment Filling Hatching Survival Age maturity Size 1st brood 
 (%) (%) (%) mean(±SE) mean(±SE) 
Category 2A 2B 2C 2C 2C 
Control 85.3 44.8 100.0 9.0(±0.3) 14.2(±1.4) 
Fenoxcyarb 0.1 µg/L 80.0 42.9 95.0 8.8(±0.3) 11.4(±1.6) 
Fenoxcyarb 1 µg/L 86.5 68.8 100.0 8.8(±0.2) 13.1(±1.4) 
Fenoxcyarb 10 µg/L 84.8 33.3 100.0 8.9(±0.3) 13.5(±1.6) 
Fenoxcyarb 100 µg/L 83.3 48.0 90.0 9.0(±0.6) 13.1(±1.3) 
 
Effects on survival and performance of hatchlings 
We did not observe significant effects of fenoxycarb exposure during dormant egg formation on 
survival of the hatchlings or life history variables of the hatched individuals (age at maturity, size of first 
brood; Table 1). Hatchling mortality was less than 10% in all treatments. Age at maturity ranged 




Most ecotoxicological studies using Daphnia as a model organism focus on the asexual part of their 
reproduction cycle. In the present study, we focused not only on acute mortality and sex ratio effects of 
exposure to the juvenile hormone analogue fenoxycarb during the sexual reproductive phase, but also 
on the quality of the resulting dormant eggs. 
Effects of fenoxycarb on number and sex of offspring 
Exposure to fenoxycarb concentrations of 1 µg/L and higher significantly decreased parthenogenetic 
reproduction and the production of ephippia, while increasing the fraction of male offspring and 
lowering the production of ephippia. These results are broadly in line with findings from three previous 
studies, all using different model toxicants. Shurin and Dodson (1997) noted a decrease in ephippia 
production in D. galeata mendotae after exposure to the surfactant nonylphenol, but they did not 
observe an effect on sex ratio. Similar results were found by Saika et al. (2006), for the exposure of D. 
magna to the marine biocide tributyltinoxide. The concentrations used in these two studies also 
caused significant mortality, which obscured interpretation of the results. Olmstead and LeBlanc 
(2001) studied the effects of methoprene (a juvenile hormone analogue like fenoxycarb) exposure on 
D. magna and observed a significant decrease in ephippium production (with around 70% at 10 and 
50 µg/L methoprene) and an increase of male offspring production with more than 20%. Despite 
slightly different test conditions in these studies, test organisms under control conditions produced 
about one ephippium every ten days (0.083 and 0.090 ephippia/female/day in Olmstead and LeBlanc, 






In combination, the results of these studies indicate that different types of chemicals that are 
characterized by different modes of action are able to affect the sexual reproductive phase in Daphnia. 
Olmstead and LeBlanc (2001) postulated that it are environmental stimuli that initiate the sexual 
reproductive phase, but once induced, juvenile hormone and their analogues are able to interfere with 
the timing and production of male offspring and ephippia. Indeed, both methoprene and fenoxycarb 
affected parthenogenetic as well as sexual reproduction. There was, however, a difference in effects 
of the two chemicals: while methoprene stimulated the production of parthenogenetic offspring at the 
expense of ephippium production, fenoxycarb caused a decrease in both parthenogenetic and 
ephippial production. 
Effects of fenoxycarb on quality of ephippia  
In earlier work, we have shown that dormant eggs can be impacted by exposure to pesticides (EC50-
hatching fenoxycarb = 1,300 µg/L), with negative effects on survival and life history characteristics of the 
hatchlings (Navis et al., 2013; Chapter 2). In this earlier study exposure took place during the hatching 
process of the dormant eggs, while in the current study we have exposed adult D. magna during the 
sexual reproductive phase and removed and rinsed the ephippia soon after they were deposited as we 
wanted to quantify the impact of exposure of the mothers not the ephippia themselves. Although this 
affected the quantity of ephippia produced, there were no significant effects on the quality of the 
dormant eggs in terms of filling percentage and the volume of the eggs. There were also no significant 
differences in survival and life history variables between hatchlings from control versus fenoxycarb 
treatments. This indicates that even though exposed females are able to produce only a reduced 
number of ephippia, the viability of the dormant eggs is not negatively impacted by fenoxycarb 
exposure up to 100 µg/L. In the current experimental setup, we could not expose test organisms to 
higher fenoxycarb concentrations without causing mortality. In the rotifer Brachionus plicatilis, hatching 
was reported to be the most sensitive endpoint in their life-cycle when dormant eggs were exposed to 
diazinon (an organophosphate pesticide) during dormant egg production (Marcial et al., 2005; Marcial 
and Hagiwara, 2007).  
Conclusions and ecological relevance 
A growing body of research, including the present study, indicates that IGR´s like fenoxycarb can 
disrupt different parts of the life-cycle in D. magna. Previously reported effect levels for 
parthenogenetic reproduction and offspring sex ratio (male induction) under standard test conditions 
(according to OECD GD 211; OECD, 2012), were lower than the effect levels found in this study: 
under long-day photoperiod and non-crowding conditions, male offspring was produced at 0.1 µg/L 
(Tatarazako and Oda, 2007) and the 21-day NOECparth.reproduction was 0.002 µg/L (EFSA, 2010). This 
likely reflects that effects of insect growth regulators may differ among clonal lineages and depend on 
environmental conditions during exposure (Oda et al., 2007; Lampert et al., 2012). This variation 








In addition, in natural systems exposure to toxicants can occur during different points in the complex 
life-cycle of Daphnia (e.g. during exponential growth, during the onset of sexual reproduction, when 
eggs are dormant in the sediment, or at the start of the growing season when hatching occurs). 
Disturbances of the sexual reproductive phase in the life cycle of D. magna, through changes in 
offspring sex ratio and a decrease in dormant egg production could lead to a reduction in short-term 
population growth (active aquatic phase) as well as affecting the size and buffering capacity of the 
dormant egg bank (dormant phase).  
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Poisoned through dormancy? Testing the effects of pesticide exposure  
on active and dormant zooplankton communities in a long-term  













Mesocosm studies are often used in higher-tier risk assessment of pesticides, since these artificial 
ecosystems allow for testing of specific hypotheses under controlled conditions. Although experimental 
conditions in mesocosms can be indicated as semi-natural, not all community processes are generally 
taken into account in exposure experiments. Zooplankton communities rely on a dormant egg bank for 
long-term survival, but effects of pesticides on dormant egg bank dynamics are currently not included 
in higher tier mesocosm studies. The aim of this study was to assess the impact of repeated carbaryl 
exposure in a two year outdoor mesocosm experiment, on both the active and dormant phase of 
zooplankton communities. In addition, we wanted to assess if effects on the dormant community would 
lead to changes in the active community during the subsequent growing season. Both a pesticide and 
a dormant egg bank treatment were included in our experiment to be able to test specifically for effects 
of pesticide exposure on newly produced dormant eggs (i.e. “new” egg bank) as well as on dormant 
eggs already present in the sediment fraction (i.e. “old” egg bank). We observed significant negative 
effects of pesticide exposure on abundances of the established active communities. This was not 
reflected in the composition of the dormant egg bank, since no effects of carbaryl exposure were 
observed on taxon richness and abundances of communities hatching from the sediment. We did, 
however, observe effects of dormant egg bank treatments: taxon richness was significantly lower in 
the “new” egg bank treatments than in the “old” egg bank treatments, indicating that some taxa were 
better adapted at surviving and reproducing in these artificial ecosystems than others. No differences 
were observed in total zooplankton hatchling abundances between the “old” and “new” egg bank 
treatments, suggesting that after two growing seasons zooplankton populations could produce a 
sufficient quantity of dormant eggs, to equal hatching from the “old” egg banks. Also, we did not trace 
significant differences in taxon richness and zooplankton hatchling abundance between the “old” egg 
bank treatments at the start and end of the experiment, indicating that a mixed, persistent egg bank, 
can buffer for a reduced input of new dormant eggs. The observed patterns using the current 
experimental setup, did not show significant impacts of pesticide exposure on the dormant phase. This 
is however only a first study, specifically designed to assess effects on benthic dormant communities 
and their coupling to active pelagic communities. Other pesticides, that do show effects on hatching of 
dormant eggs under laboratory conditions, or different exposure scenarios, might have significant 
effects on the production, viability, or hatching process of dormant eggs in (semi-)natural systems. 
Further research into the effects of pesticides on dormant egg bank dynamics is needed to improve 









Over the past decades, a continued human population growth accompanied by a sharp increase in 
food demand, has put a lot of pressure on the agricultural sector to increase crop yields. Since global 
productive arable areas are limited, fertilizers, pesticides and new crop strains have been increasingly 
used to boost crop production (Tilman et al., 2002). In the European Union alone, around 280 million 
kilos of pesticides are used annually (sales of active ingredients 2010; ECPA, 2011). By spray drift, 
run-off and leaching, a fraction of these pesticides ends up in aquatic water bodies in or surrounding 
agricultural areas, thereby potentially affecting also non-target organisms (e.g. Lahr et al., 2000; De 
Schampheleire et al., 2007; Maltby and Hills, 2008). 
To ensure safe use, pesticides are evaluated for their impact on the environment as well as on human 
health, before they can be introduced on the European market (according to EC Regulation No 
1107/2009; European Parliamant, 2009). Typical environmental risk assessments for pesticides follow 
a tiered approach. For the first tier of the assessment, standard aquatic and terrestrial ecotoxicity tests 
are used, performed according to specific (OECD) test guidelines (Bradbury et al., 2004; EFSA, 2013). 
Typically, single species tests are performed on representatives of three trophic levels: algae, 
invertebrates and fish (Walker, 2014). If this first screening indicates potential concerns, registrants 
are required to demonstrate no unacceptable impact on non-target organisms under realistic field 
conditions (European Parliamant, 2009). However, field studies are very complex, the causality of 
effects is often difficult to determine and interpretation of data is challenging (EPiF, 2005; Köhler and 
Triebskorn, 2013). Therefore, in many cases, higher tier studies use artificial ecosystems (e.g. micro- 
or mesocosms) as surrogates for actual field testing or surveys (Campbell et al., 1999; De Jong et al., 
2008). Mesocosm studies allow testing of specific hypotheses, under semi-natural, controlled 
conditions. Compared to single species ecotoxicity tests, mesocosm (and field) studies show more 
ecological realism and allow to consider species interactions, indirect effects and the potential for 
communities to recover from pesticide exposure (Boxall et al., 2002; Solomon and Sibley, 2002). This 
is very important, since the long-term effects of pesticide exposure regimes in natural systems, 
depend on the sensitivity and recovery rate of impacted communities (Barnthouse, 2004). Recovery 
from exposure is assumed once control and exposed communities are no longer significantly different 
(Knauer and Hommen, 2012; EFSA, 2013). Van Wijngaarden et al. (2005) reviewed 20 years of data 
from mesocosm studies testing neurotoxic insecticides and concluded that in general no observed 
effect concentrations in these artificial ecosystems (NOECeco) were about a factor 10 above predicted 
no effect concentrations (PNECs), based on first tier screening studies.  
While sediment from natural ponds is often used as substrate in aquatic mesocosm experiments, 
sampling efforts in these studies focus only on the active phase of the aquatic communities (Brock et 
al., 2000; De Jong et al., 2008). However, many invertebrates living in permanent and temporary 
standing waters produce dormant stages to survive unsuitable periods (e.g. predation, drought, 
competition, low oxygen and temperature conditions) (Fryer, 1996; Alekseev and Lampert, 2001; 





These dormant stages accumulate in the sediment to form dormant egg banks, from which a variable 
fraction hatches at the start of each growing season (Hairston, 1996). Unhatched eggs remain in the 
sediment and can act as long term buffer in case of unfavourable conditions (Brendonck and De 
Meester, 2003). While this benthic-pelagic coupling has important consequences for the ecology and 
evolution of the inhabiting zooplankton populations and communities (Gyllström and Hansson, 2004), 
effects on the dormant phase are generally not taken into account in standard ecotoxicological studies 
(Angeler and Garcia, 2005).  
Several studies have indicated that pesticides and other toxicants can significantly impact dormant life 
stages, either directly or indirectly and this at several phases of the zooplankton life cycle: the 
production of dormant eggs (Olmstead and LeBlanc, 2001; Saika et al., 2006; Chapter 4), and 
hatching and survival of dormant eggs (Angeler et al., 2005; Raikow et al., 2006; Navis et al., 2013, 
2015; Chapter 2, 3). All of these studies were performed under laboratory conditions, assessing 
species or population level effects rather than effects at the zooplankton community level. Angeler et 
al. (2006) did focus on community level effects, testing the effects of fire retardant exposure on 
invertebrate hatching from wetland sediments, in a laboratory setup. They observed significant 
negative effects of toxicant exposure on taxonomic richness and zooplankton abundances. Henri et al. 
(2014) tested the effects of exposure to mining effluents on hatching from zooplankton dormant egg 
banks. They observed severe impacts of toxicant exposure (heavy metals) on hatchling abundances. 
In this study we tested the effects of the pesticide carbaryl in a two year outdoor mesocosm 
experiment, on both the active and dormant phase of macrozooplankton communities. We used an 
exposure concentration within the range of concentrations previously reported to affect active 
zooplankton communities (Hanazato, 1998; Jansen et al., 2011; Sabine Navis, unpubl. data). We 
specifically aimed to test whether the pesticide would also impact the dormant community (densities 
and taxon richness), and therefore included two egg bank treatments to test for; 1) indirect effects via 
the aquatic community (changes in dormant egg production, or in dormant egg quality; i.e. “new” egg 
bank treatment), and 2) direct effects on the dormant eggs in the sediment (egg mortality, buffering 
capacity of the dormant egg bank; i.e. “old” egg bank treatment). In addition, we wanted to assess if 
effects on the dormant community would lead to changes in the active community during the 
subsequent growing season. Since the pesticide was applied in summer after the main hatching peak 
we did not intend to study potential direct effects of carbaryl exposure during the hatching process of 
the dormant eggs. These aspects were presented in former laboratory studies, focusing on acute and 
chronic effects of pesticide exposure on development and hatching of dormant eggs (Navis et al., 







Material and Methods 
Experimental design 
As starting material for the mesocosm experiment, we used a mixture of sediment collected from five 
shallow permanent lakes, all situated in the region around Leuven, Belgium: Langerodevijver (LRV), 
Oud-Heverlee Noord (OHN), Oud-Heverlee Zuid (OHZ), Oud-Heverlee P (OHP) and Zoete Waters 4 
(ZW4). These lakes were selected, because the areas surrounding these lakes are not used 
intensively (no crops for at least 200 m; Google Earth, images 2009-2010), which was determined to 
be an important parameter influencing the tolerance of D. magna populations to toxicant exposure 
(Coors et al., 2009). In addition, all lakes are known to contain a high density of cladoceran dormant 
eggs, including Daphnia magna ephippia (Louette et al., 2007; Coors et al., 2009; Tom de Bie, pers. 
com.). A mixture of sediment from these five ponds was assumed to be a good representation of the 
regional species pool. All lakes were sampled in early spring (February) 2011, when dormant eggs in 
the sediment were no longer in the refractory (unresponsive) phase as they had already received a 
natural cold shock, but before the main zooplankton hatching peak takes place (Vandekerkhove et al., 
2005). The top 5 cm of the sediment layer was collected at randomly chosen locations in the littoral 
zone and transported to the experimental site (Heverlee, Belgium). All sediment was stored for three 
weeks in a cold and dark room to prevent early hatching of dormant eggs in the sediment. During this 
storage period, 200 L mesocosms were set up and filled with 160 L of tap water. All mesocosms were 
covered with a net (mesh size 500 µm) to prevent colonization by invertebrate predators and visits by 
birds and amphibians. Sediment was only added after one week, when the water in the mesocosms 
was dechlorinated. An equal amount of sediment from all five ponds was mixed using an industrial 
concrete mixer, and 20 L of the sediment mixture was next added to each mesocosm (equals a layer 
of 5 cm sediment on the bottom of each tank).  
 
 
Fig. 1 A) The experimental tanks and setup of the mesocosm experiment, B) sampling device used for taking 







Zooplankton populations were allowed to establish naturally by hatching from the dormant egg bank 
present in the sediment layer. The first hatchlings were observed in the beginning of April 2011. Once 
zooplankton communities had established, the 2-year mesocosm experiment was initiated to study 
effects of carbaryl exposure and two different egg bank treatments in a total of 24 mesocosms (Fig. 
1A). In the first year of the experiment (2011) half of the mesocosms received carbaryl (12 carbaryl 
and 12 control mesocosms; Fig. 2). Carbaryl is a carbamate insecticide inhibiting acetylcholine 
esterase and causing neurotoxic effects in insects and crustaceans at very low test concentrations 
(EFSA, 2006). Carbaryl was applied in the summer period (July) with a single pulse of 64 µg/L, 
nominal concentration using the toxicological approach (direct application and mixing of the water 
column to ensure equal distribution; Campbell et al., 1999). This test concentration was based on 
preliminary laboratory experiments with adult and juvenile daphnids in 2 L beakers with sediment 
(Sabine Navis, unpubl. data), and on previously reported effect levels on zooplankton populations 
(Jansen et al., 2011) and communities (Hanazato et al., 1998) in outdoor mesocosm experiments. 
Carbaryl (1-naphthyl methylcarbamate, CAS no. 63-25-2, 99.8% purity, Sigma-Aldrich, Germany) was 
dissolved in absolute ethanol (purity min. 99.8%, VWR International, France). The stock solution was 
first diluted into a 1L erlenmeyer, before application to the mesocosms. The concentration of ethanol 
was the same in carbaryl treated and control mesocosms (0.005% ethanol). This ethanol level was a 
factor 10 below levels used previously in laboratory experiments, where no statistical differences were 
observed between the blank and solvent control treatments (Navis et al, 2015; Chapter 1, 3). 
Measured test concentrations in the water column directly after exposure were 14.1 ± 2.8 µg/L and 
38.7 ± 18.8 µg/L (mean ± SE, n = 3) in 2011 and 2012, respectively. After one week concentrations in 
the water phase had dropped to 0.2 ± 0.1 µg/L and 0.3 ± 0.2 µg/L (mean ± SE, for 2011 and 2012, 
respectively). Sediment concentrations, one hour after application, were 3.8 ± 1.4 ng/g wet weight and 
2.4 ± 0.1 ng/g wet weight (mean ± SE, for 2011 and 2012, respectively). 
 
Three weeks prior to carbaryl application (end of June 2011, before the peak of dormant egg 
production), a net covering the full diameter of the tanks (diameter 63 cm, 125 µm mesh size; Fig. 1C), 
was placed into each mesocosm just above the sediment layer to collect newly produced dormant 
eggs. These nets were used to create two egg bank treatments (i.e. “old” and “new” egg bank, Fig. 2). 
For the “old” egg bank treatment (12 mesocosms, of which six had previously received carbaryl and 
six control mesocosms), nets with newly produced ephippia were carefully removed just after the 
winter period (February 2012). As a consequence, hatching in the subsequent growing season (2012) 
could only occur from the sediment already present in the tanks since the start of the experiment, as 
no new eggs were allowed to deposit. Since at each growing season not all eggs in the egg bank 
hatch as part of a risk spreading strategy (Brendonck and De Meester, 2003), eggs with delayed 
hatching are still viable and may contribute to future hatching. In this treatment we specifically wanted 
to assess potential direct effects of carbaryl exposure on the dormant fraction, and the buffering 







Fig. 2 Experimental design and timeline of the 2-year outdoor mesocosm experiment. Three different phases can 
be distinguished each year: 1) hatching from the dormant egg bank; 2) the active phase is established and 
organisms are in the asexual reproductive phase; and 3) at the end of the growing season, a switch is made to 
sexual reproduction and dormant eggs are produced. In the first year (2011), zooplankton communities were 
allowed to establish by hatching from the dormant eggs, present in the sediment layer in the tanks (depicted as 
black dots). In the summer period of the two consecutive years, respective mesocosms received a single carbaryl 
pulse (indicated with the toxic symbol). Samples of the active phase were taken before and after the pesticide 
applications, as indicated by AC1 - AC3 for 2011 and AC4 - AC7 for 2012. Dormant egg banks were manipulated 
by placing a net above the sediment layer in the mesocosms. There were two treatments: “old” in which the active 
community in 2012 was established by hatching from the sediment layer (black dots), and “new” where only 
dormant eggs produced during the 2011 growing season (grey dots) could hatch and establish the 2012 active 
community. Samples of the dormant community were taken at the start and end of the experiment (DC1 and 
DC2).  
After the main hatching peak in spring, nets were placed back in these mesocosms (mid May). For the 
“new” egg bank treatment (12 tanks; six control and six previously treated with carbaryl), nets were not 
removed, so hatching in spring could only occur from the newly produced dormant eggs of the first 
growing season (i.e. “new” egg bank). This treatment was included to assess effects of carbaryl 
exposure on dormant eggs (quality and quantity) produced during the course of the mesocosm 
experiment. In July of the second year, a single pulse of 64 µg/L carbaryl was again applied to the 
respective mesocosms (12 tanks, six replicates coded “carbaryl old” and six replicates “carbaryl new”). 
No carbaryl was applied to the other mesocosms (12 tanks, six replicates coded “control old” and six 
replicates “control new”). Timing of application was chosen based on the application period 
recommended for use of carbaryl containing insecticides in the field (Tessenderlo Kerley Inc., U.S.A). 
Sampling  
During the two years of the experiment, both the active and dormant communities were sampled 
repeatedly. In the first year (2011), the active phase was sampled three times (AC1 - AC3; Fig. 2): 1 
week before carbaryl application, 1 day and 1 week after application. In the second year (2012), the 
active phase was sampled four times (AC4 - AC7: Fig. 2): 1 week before carbaryl application and 1 
day, 1 week, and 1 month after application. Before sampling the active phase, the water column was 
gently mixed to homogenize the community. A 5 L beaker was used to collect a total of 20 L water per 





Zooplankton samples were preserved in 70% ethanol and transported to the laboratory, were they 
were later counted and identified using a stereo microscope (Olympus SZX12). Simocephalus and 
Alonella specimens were identified to genus level, all other cladocerans to species level (according to 
Flössner, 2000). Calanoid and cyclopoid copepods and ostracods were also counted, and included as 
additional taxa. Subsamples of minimum 300 individuals were counted and densities of the different 
taxa were expressed as number of individuals per liter mesocosm water.  
In addition, at each sampling date, the following environmental variables were measured: pH, 
conductivity (µS/cm), and oxygen concentration (mg/L). pH and oxygen were measured using a 
HACH-meter HQ20, conductivity using a WTW-meter Cond 330i set. Algae cover (in %) at the water 
surface of the mesocosms was estimated, based on visual inspection. For each mesocosm, turbidity 
and chlorophyll-a levels were also measured (AquaFluor fluorometer, Turner Designs, USA).  
The dormant community was sampled twice; at the start and end of the experiment. From each 
mesocosm, about 200 g of sediment (wet weight) was collected using a small core sampler (height 15 
cm, diameter 23 mm; Fig. 1B) at 12 locations in each mesocosm, according to a standardized grid. 
Sediment was put in 1 L zip lock bags, wrapped in aluminium foil and stored at 4°C in the dark in the 
laboratory until further use in the hatching experiment. After a storage period of minimum one year at 
4°C in the dark, samples from each mesocosm were thoroughly mixed with a spoon and 100 g of 
sediment per sample (wet weight) was sieved over a 1 mm and 125 µm sieve. The 125 µm – 1 mm 
sediment fraction (containing dormant eggs) was added to 2 L aquaria (total: 24 mesocosms * 2 
sampling moments = 48 aquaria) with diluted ADaM-medium (conductivity 250 µS/cm; Klüttgen et al., 
1994). Aquaria were incubated at optimal hatching conditions for Belgian zooplankton populations: 
18°C and a photo regime of 16h light : 8h dark (Vandekerkhove et al., 2004b). Hatching was 
monitored every three days, for a total of 27 days. Newly emerged hatchlings were isolated from the 
aquaria by carefully filtering the water over a 64 µm sieve. Evaporation of the medium was 
compensated by adding distilled water. Hatchlings were identified to species level, or when this was 
not possible to genus level (Flössner, 2000). Zooplankton hatchling abundances and taxon richness 
were used as a proxy for abundances and composition of the dormant egg bank in the mesocosms. 
Statistical analysis  
Using univariate statistics, the effects of carbaryl (2011 + 2012) and dormant egg bank (2012) 
treatment were tested on all measured environmental variables, and various endpoints from the active 
and dormant communities: taxon richness, total zooplankton abundances and abundances of selected 
taxa. For all respective endpoints of the active phase we tested if there was a significant effect of 
carbaryl application and dormant egg bank treatment, using linear mixed effect models, followed by 
Tukey´s HSD post-hoc tests (for the 2011 data). For the dormant communities, one-way ANOVA´s 
were used to test for differences at the start of the experiment in 2011 (so before any treatments had 
been applied) and two-way ANOVA´s were used for egg banks sampled at the end of the experiment 







Principal response curves (PRCs) were used to analyse community responses to carbaryl and 
dormant egg bank treatments for both the active and dormant communities (according to Van den 
Brink and Ter Braak, 1998; Szocs et al., 2015). Like traditional redundancy analysis (RDA), PRCs 
focus on community differences among treatments, with the advantage that treatment responses over 
time are adjusted to changes in the control treatment. Abundance data were ln(4x+1) or ln(2x+1) 
transformed prior to analysis of the active and dormant communities, respectively (for rationale, see 
Van den Brink et al., 2000). For both the active and dormant community samples “control old” was 
used as reference treatment and other treatments were plotted relative to this treatment. Species 
scores were calculated for all taxa. Monte Carlo permutation tests (999 permutations) were used to 
calculate whether the first PRC axis displayed a statistically significant amount of variation. For the 
active community phase, separate PRCs were calculated for the two years of the experiment. To test 
for effects at individual sampling moments, RDAs were computed for each sampling time and a 
permutation test was run (999 permutations). Subsequently, for sampling moments where a significant 
treatment effect was observed, Dunnett´s post-hoc tests were used to calculate which treatments were 
significantly different from the control. All statistical analysis were performed in R statistical software 
v3.0.2 (The R Foundation for Statistical Computing, 2013), using the car package for univariate 
statistics, the lme4 and pbkrtest packages for the linear mixed effect models, and the vegan and 
multcomp packages for multivariate statistics (Oksanen et al., 2013). 
 
 
Table 1. List of zooplankton taxa encountered in the mesocosms, respectively in the active (aquatic) or dormant 
(sediment) phase.  
Taxon Abbreviation Active Dormant 
Bosminidae Bosmina longirostris Bos_lon x x 
Chydoridae Alona rectangula Alo_rec x x 
 
Alonella sp. Alonella x x 
 
Chydorus sphaericus Chy_sph x x 
 
Leydigia quadrangularis Ley_qua x x 
Daphnidae Daphnia magna Dap_mag x x 
 
Ceriodaphnia quadrangula Cer_qua x x 
 
Scapholeberis mucronata Sca_muc x x 
 
Simocephalus sp. Simo 
 
x 
Macrothricidae Iliocryptus sordidus - x1 
 Sididae Sida crystalina Sid_cry 
 
x 
Copepoda Calanoida Cal_cop x x 
 
Cyclopoida Cyc_cop x x 
Ostracoda - Ostr x x 









Active phase   
We did not observe any significant effects of carbaryl and/or dormant egg bank treatments on the 
environmental variables measured during the two years of the experiment (Table 2). Samples of the 
active phase of the mesocosms (AC1 - AC7), contained a total of 12 zooplankton taxa (Table 1). One 
taxon (Iliocryptus sordidus) was excluded from further analysis, since only a single individual was 
observed at two sampling moments in the same mesocosm.  
Taxon richness significantly decreased over the 2011 growing season, both in control and pesticide 
treated mesocosms (Fig. 3A; Table 2). There was no significant effect of pesticide treatment on taxon 
richness. Carbaryl had a significant negative impact on total zooplankton and cladoceran abundances 
in the first year, both one day and one week after application (Fig. 3B+C; Table 2), with Ceriodaphnia 
quadrangula and Chydorus sphaericus being the most sensitive species (Fig. 4B+C; Table 2). In the 
second year we did not observe any significant differences in taxon richness and abundances of 
zooplankton taxa between carbaryl and control treatments (Fig. 3A+C, Fig. 4A-C; Table 2). We did 
observe significant effects of carbaryl treatment on total zooplankton abundances (Fig. 3B, Table 2). 
The dormant egg bank treatment had significant effects on abundances of cladoceran, D. magna and 
C. sphaericus (Fig. 3C; Fig. 4A+C; Table 2). Lowest cladoceran abundances were observed in the 
“carbaryl new” treatment, one day after carbaryl application (Fig. 3C).  
 
Table 2. Results of linear mixed effect models on effects of carbaryl exposure (carb) and dormant egg bank 
treatment (DEB) during the two years of the experiment on the active communities and measured environmental 
variables. 
 Active ZP community 2011  2012 
 (df = 1) carb  carb DEB carb * DEB 
  F P  F P F P F P 
Environmental variables          
 pH 0.00 0.986  0.31 0.582 1.87 0.186 0.01 0.942 
 O2 (mg/L) 0.63 0.437  0.05 0.827 3.22 0.088 0.13 0.720 
 Conductivity (µS/cm) 0.30 0.587  0.33 0.575 1.73 0.204 0.04 0.848 
 Chlorophyll-a 1.35 0.257  0.60 0.449 0.00 0.957 0.12 0.730 
 Turbidity 1.71 0.205  0.02 0.890 0.55 0.466 1.23 0.281 
 Algae cover (%) 2.34 0.140  2.25 0.150 0.10 0.758 0.00 0.970 
Active ZP community          
 Taxon richness 0.04 0.843  0.43 0.521 0.33 0.573 0.18 0.672 
 Total ZP abundance 20.24 < 0.001 *  5.83    0.025 * 2.09 0.164 0.98 0.331 
 Cladoceran abundance 22.99 < 0.001 *  1.45 0.242 7.83    0.011 * 0.00 0.993 
 Daphnia abundance 0.74 0.399  0.00 0.968 5.74    0.026 * 0.00 0.970 
 Ceriodaphnia abundance 7.22    0.013 *  3.16 0.091 0.10 0.751 0.00 0.946 
 Chydorus abundance 21.65 < 0.000 *  0.66 0.426 5.30    0.032 * 0.02 0.877 
 Copepod abundance 1.71 0.205  0.89 0.357 0.20 0.661 0.54 0.472 








Fig. 3 Effects of carbaryl and dormant egg bank treatments on the active communities: A) taxon richness, B) total 
zooplankton abundances, and C) cladoceran abundances, at different sampling times during the two years of the 
mesocosm experiment (average ± 1 SE). Distinct letters in the figures indicate significant differences among 
treatments and/or sampling times (linear mixed effect models, followed by Tukey´s HSD post-hoc tests , p < 0.05; 







Fig. 4 Effects of carbaryl and dormant egg bank treatments on the active communities: abundances of A) D. 
magna, B) C. quadrangula, and C) C. sphaericus, at different sampling times during the two years of the 
mesocosm experiment (average ± 1 SE). Distinct letters in the figures indicate significant differences among 
treatments and/or sampling times (linear mixed effect models, followed by Tukey´s HSD post-hoc tests , p < 0.05; 






Fig. 5 Principle response curves (PRC1), indicating the active zooplankton community response during the two 
years of the mesocosm experiment, for both pesticide (control and carbaryl) and dormant egg bank treatments 
(old and new). All responses were scaled relatively to the untreated “control old” communities. A larger vertical 
distance from this reference line, indicates a greater divergence. Species scores for all taxa are indicated at the 
right graph; the higher the score, the more this taxon contributed to the observed pattern (abundances of taxa 
with a negative score decreased by the treatments, taxa with a positive score increased in abundance). Time and 
treatment both explain 15% of the variation (PRC analysis; 1st axis explains 47% of the variation; F = 13.98; p = 
0.055). * indicate significant differences from the control (old) treatment. 
When looking at the zooplankton community composition, carbaryl exposure had a significant effect (F 
= 10.41, p = 0.001) that was most pronounced one week after application in both years of the 
experiment (p = 0.003 for AC3 in 2011, and p = 0.033 for AC6 in 2012; Fig. 5). Of all taxa, C. 
quadrangula and C. sphaericus were most negatively affected by the carbaryl treatment, whereas 
Scapholeberis mucronata and calanoid copepods showed a positive response to carbaryl treatment 
(Fig. 5; Table 3, species scores 2011). One week after carbaryl application in the second year, only 
the “carbaryl new” treatment differed significantly from the control treatment (p = 0.036). One month 
after carbaryl application, there were no significant differences anymore between the treatments, i.e. 
the active communities had recovered (p = 0.880; Fig. 5).  
Table 3. Species scores for all taxa of the active phase in 2011 and 2012, by Principal Response Curves (PRC1). 
The higher the score, the more the taxon contributed to the observed pattern (abundances of taxa with a negative 
score decreased by the treatments, taxa with a positive score increased in abundance).  
Taxon Species score 
  2011 2012 
Bosmina longirostris -0.12 0.00 
Alona rectangula -0.48 -0.02 
Alonella sp. 0.02 -0.01 
Chydorus sphaericus -1.89 -1.17 
Leydigia quadrangularis -0.58 -0.67 
Daphnia magna -0.75 1.19 
Ceriodaphnia quadrangula -2.45 -2.94 
Scapholeberis mucronata 1.60 -0.28 
Calanoid copepods 0.13 -0.55 
Cyclopoid copepods -0.47 0.93 






A total of 13 zooplankton taxa hatched from the isolated mesocosm sediment (Table 1). Two species, 
Simocephalus sp. and Sida crystalina, were retrieved in the hatching experiment but not from the active 
communities. On the other hand, I. sordidus was not encountered in the hatching experiment (but also 
only in the active community of one mesocosm). There was a significant effect of dormant egg bank 
treatment on taxon richness, with the lowest number of taxa observed in the “new” dormant egg bank 
treatments (Fig. 6A; Table 4). Carbaryl application had no significant effect on taxon richness. 
Dormant egg bank treatment had significant effects on cladoceran and ostracod hatchling abundances 
(Table 4). Several zooplankton taxa, like D. magna, had lowest abundances in the “new” dormant egg 
bank treatments, whereas abundances of C. quadrangula and C. sphaericus increased in the “new” 
egg bank treatments (Fig. 6D-F).  
 
Fig. 6 Effects of pesticide and dormant egg bank treatment on taxon richness and abundances of selected 
(groups of) taxa, at the start and end of the mesocosm experiment. Abundances represent number of hatchlings 
per aquarium, containing sediment with dormant eggs from 100 grams of mesocosm sediment, hatched over a 
27-day period after incubation (average ± 1 SE). Distinct letters in the figures indicate significant differences 









Fig. 7 Principle response curves (PRC1), indicating the dormant zooplankton community response at the start 
and end of the mesocosm experiment, for both pesticide (control and carbaryl) and dormant egg bank treatments 
(old and new). All responses were scaled relatively to the untreated “control old” communities. A larger vertical 
distance from this reference line, indicates a greater divergence. Species scores for all taxa are indicated at the 
right graph; the higher the score, the more this taxon contributed to the observed pattern (abundances of taxa 
with a negative score decreased by the treatments, taxa with a positive score increased in abundance). Time 
explains 13% of the variation and treatment 36% (PRC analysis; 1st axis explains 80% of the variation; F = 22.69, 
p = 0.001). 
 
Carbaryl application only had significant effects on D. magna abundances (Table 4), other endpoints 
of the hatched community were not affected by the pesticide exposure. Although neither carbaryl, nor 
dormant egg bank treatment had a significant effect on total zooplankton abundances (Fig. 6B; Table 
4), the variation in zooplankton hatchling abundances was much larger in the “new” egg bank 
treatments, compared to the “old” egg bank treatments. Total zooplankton and cladoceran 
abundances in “old” egg bank treatments were not significantly different between samples from both 
years (Fig. 6B+C). When comparing the dormant community composition at start and end of the 
experiment, a significant effect of dormant egg bank treatment was observed, but not of carbaryl (Fig. 
7). At the end, dormant communities of both “control new” and “carbaryl new” differed significantly 
from “control old” and “carbaryl old” (all p-values < 0.001). Both “new” dormant egg bank treatments 
(“control new” and carbaryl new”) did not differ significantly from each other (p > 0.05).  
Table 4. Results of 1-way Anova´s (2011) and 2-way Anova´s (2012) on the effects of carbaryl (carb) and 
dormant egg bank treatment (DEB) on hatchlings of the dormant phase (sediment collected at DC1 and DC2). 
Dormant ZP community 2011   2012 
(df = 1) carb 
 
carb DEB carb * DEB 
  F P   F P F P F P 
Taxon richness 0.41 0.529 
 
3.16 0.090 36.58 < 0.001 * 0.51 0.485 
Total ZP abundance 0.25 0.624 
 
0.08 0.776 0.75 0.396 0.26 0.619 
Cladoceran abundance 0.20 0.657 
 
0.95 0.341 4.50   0.047 * 1.28 0.272 
Daphnia abundance 2.50 0.128 
 
6.35   0.020 * 80.02 < 0.001 * 5.39   0.031 * 
Ceriodaphnia abundance 0.33 0.571 
 
0.19 0.669 1.34 0.260 0.97 0.337 
Chydorus abundance 0.18 0.669   0.10 0.759 2.85 0.107 0.96 0.340 
Ostracod abundance 3.45 0.063 
 








The aim of the present study was to assess the effects of pesticide exposure on pond zooplankton 
communities in semi-natural ecosystems (mesocosms). To increase the ecological relevance of the 
experiment, we not only studied effects on the active (pelagic) communities, but also on the (benthic) 
dormant egg bank, which is an overlooked but crucial component of zooplankton communities. A 
yearly single pulse exposure of 64 µg/L carbaryl had an expected negative effect on active 
zooplankton communities. On the other hand, carbaryl had no significant effects on taxon richness and 
abundance of hatchlings from the dormant egg bank. No effects of carbaryl were observed on quantity 
of dormant eggs produced during the course of the experiment (“new” egg bank treatment), nor on the 
dormant eggs already present in the sediment from the start of the experiment (“old” egg bank 
treatment). 
Negative effects of similar levels of carbaryl exposure on active zooplankton communities were also 
observed in a mesocosm experiment by (Hanazato, 1998). In this experiment, the sensitivity of 
zooplankton taxa to pesticide exposure was size dependent (larger zooplankton species were more 
sensitive to insecticide exposure); e.g. Daphnia were already affected at 10 µg/L, whereas smaller 
cladocerans were only affected at 100 µg/L carbaryl. In our experiment, no such sensitivity pattern 
was observed; on the contrary, species scores even indicate that  D. magna, the largest cladoceran, 
was not strongly negatively affected by the carbaryl treatment, in contrast to C. quadrangula and C. 
sphaericus, both smaller cladocerans. Smaller sized cladocerans are known to be more sensitive to 
metal exposure than larger sized taxa (Bossuyt and Janssen, 2005; Vesela and Vijverberg, 2007). 
This body size-dependent sensitivity was proven to be related to the metabolic rate (especially sodium 
turnover rate), which is higher in smaller sized organisms, leading to a faster depletion of internal 
sodium levels (Grosell et al., 2002). Differences regarding relative sensitivity of zooplankton taxa to 
carbaryl exposure between our study and the studies reviewed by Hanazato (1998), could also be 
related to differences in timing of carbaryl application during the growing season and/or the presence 
of predators (Chaoborus larvae). 
Zooplankton abundances were most impacted one week after carbaryl application, a pattern which 
was repeated in both years of the experiment. Active communities were recovered one month after the 
pesticide application. This is in line with Van Wijngaarden et al. (2005), who concluded on the basis of 
an extensive review of mesocosm studies with insecticides, that recovery of the sensitive species 
mostly occurred within two months after the last pesticide application. They also concluded that in 
general no observed effect concentrations in mesocosm experiments (NOECeco) were about a factor 
10 above predicted no effect concentrations (PNECs), based on first tier screening studies. 
Unfortunately, in our study we have only tested a single carbaryl concentration, which does not allow 
for the calculation of a dose-response relationship or the derivation of effect thresholds, so we cannot 








We selected both concentration (64 µg/L) and timing (summer) of carbaryl application to specifically 
detect the role of the egg bank in community recovery through impact on active communities. The 
exposure concentration was well below concentrations directly affecting hatching of dormant eggs of 
D. magna under controlled laboratory conditions (Navis et al., 2013; Chapter 2). In addition, the pulse 
was applied in summer after the main hatching peak took place. Carbaryl has a very short half-life and 
degrades rapidly in surface waters (hydrolysis half-life of 3.2 hours to 12 days at pH 7 - 9; EFSA, 
2006). However, the used carbaryl concentration is known to severely impact survival of adult and 
juvenile D. magna, as well as other zooplankton species, under laboratory conditions (Sabine Navis, 
unpubl. data; EFSA, 2006; PAN pesticides database). Therefore we expected a reduced survival of 
the active zooplankton community after carbaryl exposure, which could in turn affect quantity and 
quality of egg production later in the growing season. Although species abundances were significantly 
reduced after application with carbaryl in the first year of the experiment, these effects were no longer 
visible at the start of the next growing season. This suggests that dormant egg banks (both “old” and 
“new” egg bank treatments) were not affected by carbaryl at concentrations that affected the active 
communities. This was confirmed by the fact that no effect of carbaryl treatment was observed on 
hatching of dormant eggs from the sediment collected at the end of the experiment. This underlines 
the fact that dormant eggs are less sensitive to carbaryl exposure than the active populations, 
indicating they may buffer for strong impacts on the active communities (“old” egg bank treatment). In 
addition, surviving individuals had sufficient time for parthenogenetic reproduction after carbaryl 
exposure in summer, and population densities had recovered by the time of dormant egg production 
(“new” egg bank treatment), that typically occurs in the fall (Vandekerkhove et al., 2004b). In order to 
test this hypothesis, genetic analysis of the zooplankton populations throughout the experiment could 
reveal if indeed carbaryl exposure caused a bottle neck and only a limited set of clones survived the 
pesticide exposure, and subsequently recolonized the system (Vanoverbeke and De Meester, 2010). 
While we did not observe any effects of carbaryl treatment on the dormant phase, dormant egg bank 
treatment had a significant effect on taxon richness and abundance of hatchlings from the sediment. 
Taxon richness was significantly lower in mesocosms that re-established from eggs that were 
produced during the course of the experiment (the “new” treatment), which indicates that not all taxa 
(a.o. D. magna) were successful in producing dormant eggs under experimental conditions. On the 
other hand, we did not observe any differences in total zooplankton abundances, between hatching 
from recent (“new”) versus the already present persistent (“old”) egg banks, indicating that in just two 
growing seasons zooplankton populations produced sufficient dormant eggs, to equal hatching from 
the “old” egg banks. This could mainly be related to a few taxa, especially C. quadrangula and C. 
sphaericus, that were found to be more successful in the “new” dormant egg bank treatments than in 
the “old”. This pattern could however, also have been established by a higher hatching success of the 






In addition, there was no significant difference in taxon richness and zooplankton hatchling abundance 
between the “old” egg bank treatments at the start and end of the experiment, which indicates that a 
mixed, persistent egg bank, can buffer a strong reduction in dormant egg production (no new eggs 
were added to the “old” egg bank treatment for two growing seasons). In the current study, we used 
hatching from the sediment as a proxy for taxon richness and abundances of dormant eggs present in 
the sediment. We did not evaluate the presence and quantity of any remaining (unhatched) dormant 
eggs in the sediment fraction. Isolation and morphological determination of dormant eggs remaining in 
the sediment, could give more information on the size of the dormant eggs banks and the hatching 
success in the different treatments (Vandekerkhove et al., 2004a). 
As a proof of principle, we wanted to evaluate the importance of incorporating egg banks in mesocosm 
studies, assessing the long-term effects of pesticide exposure on zooplankton population and 
community dynamics. The observed patterns using the current experimental setup, did not show 
significant impacts of pesticide exposure on the dormant phase. This is however only a first study, 
specifically designed to assess effects on benthic dormant communities and their coupling to active 
pelagic communities. Other pesticides, like fenoxycarb, that do show effects on hatching of dormant 
eggs under laboratory conditions (Navis et al., 2013, 2015; Chapter 1, 2, 3), or different exposure 
scenarios, might have significant effects also on the production, viability, or hatching process of 
dormant eggs in (semi-)natural systems. Further research into the effects of pesticides on dormant 
egg bank dynamics is needed to improve our understanding of the long-term effects of pollution on 
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Ecotoxicity testing and biomonitoring of aquatic ecosystems generally focus on the active component 
of invertebrate communities (Jeppesen et al., 2003; Vandekerkhove et al., 2005b; Chiaia-Hernandez 
et al., 2013). The effects of anthropogenic stressors, such as pollution, on dormant egg bank dynamics 
have been studied far less (Moest et al., 2015), even though dormant egg banks are crucial for the 
long-term survival of many aquatic populations and communities (Brendonck and De Meester, 2003; 
Gyllström and Hansson, 2004). To improve our understanding of the effects of pesticide exposure on 
dormant egg bank dynamics, we studied different endpoints related to the dormant phase in 
zooplankton populations and communities, both under controlled conditions in the laboratory, as well 
as in a semi natural mesocosm environment.  
In this section, we first discuss potential scenarios through which pollutants can affect populations of 
zooplankton. Secondly, we discuss the impact and ecological relevance of these potential scenarios 
for dormant egg bank dynamics in natural ecosystems. Using the model pesticide fenoxycarb as a 
case study, we then identify which endpoints in the complex life-cycle of the model organism Daphnia 
magna appear most sensitive to pesticide exposure. Next, we discuss the impact at the zooplankton 
community level, comparing effects on the active and dormant phase in semi natural ecosystems. And 
finally, we indicate possibilities and future perspectives of dormant egg bank dynamics research from 
an ecotoxicological perspective. 
 
Impact of pollution on dormant egg bank dynamics – potential scenarios 
As introduced by Angeler and Garcia (2005), anthropogenic stressors can have potential impacts on 
dormant egg bank dynamics, through one or several of the following scenarios (Fig. 1; General 
introduction): 1) impact on development and hatching of dormant eggs; 2) effects on hatchling survival 
and performance in the aquatic phase; 3) impact on dormant stages before activation, causing egg 
mortality or irreversible disruption of the dormancy-break system; 4) impact on the sexual reproductive 
phase, leading to (quantitative or qualitative) changes in dormant egg production. In the following 
paragraphs each of these scenarios is discussed in more detail. 
 
Fig. 1 Potential scenarios in which toxicants can impact dormant egg bank dynamics: 1) impact on hatching 
process; 2) effects on hatchling survival and performance; 3) impact on dormant stages before activation; 4) 







Impacts on development and hatching 
In this thesis we focused specifically on effects of pesticide exposure on development and emergence 
of D. magna dormant eggs using a series of laboratory experiments (chapter 1-3; scenario 1). In 
chapter 1 we screened five pesticides with a different mode of action, for their impact on development 
and hatching of D. magna dormant eggs. Exposure of dormant eggs to the pesticides simultaneously 
with incubation under conditions that induced hatching. This scenario is comparable to pesticide 
applications after ending of the refractory phase of dormant eggs in spring, resulting in high 
concentrations of pesticides in small water bodies (via spray drift, runoff or drainage) coinciding with a 
peak in hatching from the dormant egg bank. Our results indicate that all pesticides were able to affect 
the hatching process, but the type of deformations and effect levels differed between the model 
pesticides. In chapter 2 we studied two of the previously screened pesticides in more detail. Carbaryl 
had no negative effects on hatching up to concentrations almost 1000 times the median effect 
concentration (EC50) of neonate survival in acute tests. Fenoxycarb, however, had a significant dose-
related effect by delaying or completely stopping the hatching process and caused severe 
deformations in developing individuals at concentrations about twice the acute EC50 for neonate 
mortality.  
Similar results were obtained by the few other studies that have assessed effects of pesticides on 
hatching of Daphnia dormant eggs. The biocides sodium hypochlorite and menadione (SeaKleen) 
affected hatching success of D. mendotae dormant eggs at effect levels above those affecting other D. 
mendotae life stages (Raikow et al., 2006, 2007). Other studies focused on different classes of 
toxicants. Fire retardant treatments significantly negatively affected hatching success of D. curvirostris 
dormant eggs (Angeler et al., 2005). Acid mine drainage (mainly containing heavy metals) severely 
impacted hatching of, among others, Daphnia dormant eggs from sediments (Henri et al., 2014). 
Moest et al. (2015) is the first study to report an increase in hatching success of D. longispina dormant 
eggs exposed to a mixture of organic contaminants. However, they exposed a large set of ephippia 
simultaneously, without checking for the presence of unhatched eggs after the experiment. In addition, 
they only checked for hatching every three days, introducing a large uncertainty in their results. 
Although not much is known about the physiological basis behind the effects of pollutants on the 
hatching process (Jiang et al., 2007; Moest et al., 2015), results clearly indicate that various classes of 
toxicants are able to disrupt the hatching process of Daphnia dormant eggs. 
The effects of toxicant exposure on hatching of dormant eggs were also assessed for several other 
zooplankton taxa. Marcial et al. (2005) found that the pesticides diazinon, fenitrothion, methoprene 
and isoprothiolane affected hatching of rotifer dormant eggs (Brachionus plicatilis) at concentrations 2-
40 times lower than concentrations affecting population growth and reproductive endpoints. Impacts of 
heavy metals (copper, lead and cadmium) on hatching of copepod dormant eggs (Acartia pacifica) 







For Artemia, the results of different studies appear to be inconclusive. Varó et al. (2006) and Sarabia 
et al. (2003, 2008) reported no adverse effects of metal (mercury and zinc) and pesticide (chlorpyrifos) 
exposure on hatching of Artemia cysts. Bagshaw et al. (1986) and Rafiee et al. (1986), on the 
contrary, revealed that hatching of dormant eggs was more sensitive to heavy metal (cadmium and 
zinc) exposure than survival of hatched individuals. This indicates that effects of chemicals on dormant 
stages during the hatching process differ among and within species as well as among toxicants, 
depending on their mode of action. 
Besides the type of toxicant, also the moment of exposure could determine the (extent of the) effects 
on the hatching process. In chapter 3, we investigated the effects of pesticide exposure on dormant 
eggs at different embryonic developmental stages and evaluated the potential for bioaccumulation of 
fenoxycarb in the eggs. Both the impact on hatching characteristics as well as the internal egg 
concentrations depended on the timing of exposure. Final stages of embryonic development were 
most sensitive to pesticide exposure and had the highest tissue concentrations of fenoxycarb. The 
effects of pesticide exposure seemed to be determined by the number of membranes surrounding the 
embryos during the exposure period. Before light activation, dormant eggs are surrounded by three 
membranes (Zaffagnini, 1987; Seidman and Larsen, 1979), while after activation these membranes 
are shed during embryonic development. At the last developmental stage, embryos are only protected 
by one external membrane and become much more active, allowing a higher influx of the surrounding 
medium (Davison, 1969) and thus also potential toxicants, into the eggs. Similar results were 
previously found for parthenogenetic eggs of D. magna, where the last embryonic instars of 
developing eggs were most sensitive to metal exposure (Bodar et al., 1989). However, unlike 
parthenogenetic eggs, dormant eggs have thick multi-layered membranes (Seidman and Larsen, 
1979) that protect them from mechanical damage and digestive enzymes of organisms like fish and 
birds (Figuerola and Green, 2002). In addition, they are encapsulated in a protective envelope 
(ephippium; Zaffagnini, 1987). We specifically tested for the degree of protection against pollution 
provided by the ephippial case (chapter 3) and did not observe differences in tissue concentrations of 
fenoxycarb between decapsulated and encapsulated eggs. This suggests that the ephippial case 
offered limited or no direct protection against pesticide exposure. Even though dormant eggs show a 
high tolerance to extreme physical conditions (Mellors, 1975; Radzikowski, 2013), they can hence still 







Effects on hatchling survival and performance  
Hatchling survival and performance in the aquatic phase can be impaired by toxicants by means of 
different pathways (Angeler and Garcia, 2005; Moest et al., 2015; scenario 1, 2). First of all, due to 
pollutant exposure, environmental conditions in the aquatic phase can become unsuitable for hatched 
individuals even when pollutants did not directly affect the hatching process itself. Secondly, exposure 
to toxicants during the hatching process can have chronic effects on survival and performance of 
hatched individuals. In chapter 2 we tested this second pathway by following up hatchlings from 
previously exposed dormant eggs in a life-table experiment until the release of their second brood.  
We observed that both model pesticides (carbaryl and fenoxycarb) had significant negative effects on 
survival and reproduction of the hatchlings, even though carbaryl had no direct negative effects on 
hatching success. These results indicate that, in addition to inducing mortality of active individuals, 
pesticides can affect zooplankton communities by altering hatching dynamics and life history traits of 
hatched individuals. Moest et al. (2015) also observed reduced survival of D. longispina hatchlings, 
when dormant eggs were previously exposed to a mixture of organic contaminants. However, 
hatchling survival was only assessed every three days, so a reduction in survival could also have been 
due to toxic effects of the chemical mixture upon individuals after hatching.  
 
Direct impact - mortality of dormant stages 
In addition to causing effects during the hatching process, toxicants can also affect the eggs while they 
are in a state of dormancy (diapause or quiescence), by causing egg mortality or by disrupting or 
blocking cues for hatching, thereby causing a decrease in hatching once triggered (Angeler and 
Garcia, 2005; scenario 3). Henri et al. (2014) observed that when sediments exposed to mining 
effluents were subsequently exposed to control (optimal) hatching conditions, some recovery was 
observed, but hatching was still significantly impaired. This indicates that not only cues for hatching 
were blocked, but the effluent also caused direct mortality of (part of) the dormant eggs. Similar results 
were observed by Angeler et al. (2005), who found a reduction in hatching from wetland sediments 
after previous exposure to a fire retardant, also indicative of direct effects on the dormant eggs. In 
chapter 3 we observed negative effects of fenoxycarb exposure on dormant eggs of D. magna shortly 
before light activation. Preliminary results of another study (S. Navis, unpublished data), indicated that 
repeated exposure to carbaryl or fenoxycarb of dormant eggs present in the sediment fraction caused 
chronic effects on survival and performance of hatched individuals. Dormant eggs used in these two 
experiments had previously been stored in cold conditions, which completed the refractory phase and 
ensured that diapause was terminated, so the eggs became quiescent and hatching could be induced 
under favorable conditions (Stross, 1971; Vandekerkhove et al., 2005a). It remains to be tested 
whether the effects of pollutants on dormant eggs are depending on the type of dormancy (e.g. 
quiescence versus diapause). Henri et al. (2014) proposed that diapausing eggs could be more 







Effects during the sexual reproductive phase - dormant egg production 
Previous studies that tested the impact of chemical exposure during the sexual reproductive phase on 
dormant egg production in Daphnia (Shurin and Dodson, 1997; Olmstead and LeBlanc, 2001; Saika et 
al., 2006; scenario 4) observed a decrease in ephippia production with increasing toxicant 
(nonylphenol, methoprene and tributyltinoxide, respectively) concentration. However, none of these 
studies tested for effects of toxicant exposure on the quality of the produced dormant eggs, as can be 
revealed by studying the hatching success, survival and life history characteristics of hatched 
individuals.  
 
In chapter 4, we showed that exposure to fenoxycarb at 1 µg/L or higher concentrations caused a 
decrease in both parthenogenetic and sexual (dormant) egg production, while inducing the production 
of male offspring. There were, however, no significant effects of fenoxycarb exposure on the survival 
and life history characteristics of the hatchlings. This indicates that even though the quantity of 
dormant eggs was reduced, their quality did not seem to be affected significantly by fenoxycarb 
exposure. This is contrary to the results of Marcial and Hagiwara (2007), who discovered that for the 
rotifer B. plicatilis hatching rates were severely affected by diazinon when female rotifers were 






Ecological implications - impact of pollution on dormant egg bank dynamics 
Our results of chapter 1-4 show that pollution can affect dormant egg bank dynamics through all four 
scenarios discussed. This can have far-reaching consequences for ecological and evolutionary 
dynamics of zooplankton populations and communities in lakes and ponds. Exposure to toxicants can 
occur during different phases in the life-cycle of zooplankton species: e.g. during exponential growth, 
during the onset of sexual reproduction, when eggs are dormant in the sediment, or at the start of the 
growing season when hatching occurs. Even a short exposure to pesticides during the early stages of 
embryonic development of dormant eggs can lead to reduced hatching success (fenoxycarb; chapter 
1+2), a higher proportion of deformed embryos (all five model pesticides; chapter 1) and higher 
mortality and decreased performance of hatchlings (carbaryl and fenoxycarb; chapter 2). Reduced 
hatching rates and performance will reduce population growth rates, which in turn may impact algal 
growth and fish predation. In addition, disturbances of the sexual reproductive phase, through 
changes in offspring sex ratio and a decrease in dormant egg production (chapter 4) could also lead 
to a reduction in short-term population growth as well as affecting the size and buffering capacity of 
the dormant egg bank. These effects might be amplified when the decrease in ephippia production is 
combined with changes in timing and quantity of males produced. If this leads to a mismatch between 
male and sexual egg production, this may result in reduced fertilization of dormant eggs. In Box 1 an 
example is presented to illustrate the potential implications of pesticide exposure at a D. magna 
population level, when pesticide exposure takes place at the start of the growing season, shortly 
preceding the main hatching peak. 
 
The potential impact of pesticides on dormant egg bank dynamics does not only depend on the 
application time, but also on the exposure route of the respective pesticides. Pesticides like 
fenoxycarb are known to dissipate from the water phase quite rapidly and bind to the organic phase of 
the sediment (Sullivan, 2000; Chiaia-Hernandez et al., 2014). Since dormant eggs can remain viable 
for decades to centuries (Frisch et al., 2014), exposure to contaminants present in the sediment 
component can take place over extended periods of time, leading to bioconcentration of pollutants in 
dormant stages (Wyn et al., 2007; Chiaia-Hernandez et al., 2013; chapter 3). Exposure to a mixture of 
organic contaminants similar to those found in lake sediments, with the potential to bioaccumulate in 
dormant eggs, was found to affect hatching success of D. longispina dormant eggs under laboratory 
conditions (Moest et al., 2015). Since dormant egg banks integrate genetic variation that has 
accumulated over many growing seasons (Ellner and Hairston, 1994; De Meester et al., 2006), 
exposure to pollutants leading to a decrease in size of the dormant egg bank or a reduced contribution 
of the dormant to the active phase may reduce genetic variation, hence the evolutionary potential of 
zooplankton populations (Levin, 1990; Brendonck and De Meester, 2003). This could make exposed 







BOX 1. Example illustrating the potential effects of pesticide exposure at the D. magna population level, through 
effects on the dormant phase. 
 
Scenario: Pulse exposure of 1000 µg/L fenoxycarb shortly preceding the hatching peak in a natural 
aquatic system containing a dormant egg bank with D. magna ephippia. 
 
Effects, besides mortality of the already established neonates (72.5%; unpublished data):  
A) Reduction in hatching of dormant eggs with 15.2% (from 93.8% to 78.6%; Fig. 2, Chapter 2).  
Assuming a starting situation with 100 dormant eggs, 94 individuals will hatch in the control 
population (CTRL) and 79 in the population exposed to fenoxycarb (FNX). 
B) Due to fenoxycarb exposure, in the FNX population 79.4% of the hatchlings will have severe 
deformations, and survival to maturity will be limited to 33.3%, versus 93.3% in the CTRL 
population (Fig. 3, Chapter 2). This equals 88 surviving adults in CTRL and 26 in FNX. 
C) In addition, performance (r) of surviving individuals in the FNX population will be reduced, since 
r (parthenogenetic population growth) will be 0.225 instead of 0.360 (Fig. 4, Chapter 2). After 
three generations, with each three reproductive events, this will lead to a CTRL population size 
of 3251 individuals and an FNX population of 351 organisms (reduction in population size of 
89.2%; calculations according to Birch, 1948). 
D) Assuming 95% of the established populations is female (cf. sex ratio under control conditions; 
Fig. 3, Chapter 4), there will be 3089 females in the CTRL and 331 in the FNX population. 
E) If these females produce 0.8 ephippia over a 21 day period (Fig. 2, Chapter 4), there will be 








Most sensitive endpoints in the life-cycle of D. magna – a case study with fenoxycarb 
Although we know that different classes of pollutants are able to affect dormant egg bank dynamics, it 
remains unclear which endpoints are most sensitive and whether endpoints related to the dormant 
component are more sensitive than endpoints traditionally tested in standardized ecotoxicity tests. So 
far we have tested five different model pesticides of which one, fenoxycarb, caused clear dose-related 
negative effects on development and hatching of dormant eggs (chapter 1-3). To compare the 
sensitivity of the different endpoints for this pesticide, we will present a comparison of effect levels for 
all endpoints of the life-cycle in D. magna that are available, either from this thesis, or from literature 
(Table 1).  
Lowest effect levels of fenoxycarb in D. magna are observed for parthenogenetic reproduction: a 
reduction in the number of produced juveniles was already observed in the ng/L range (21d NOEC = 
1.6 ng/L; EFSA, 2010). Concentrations starting from 0.1 µg/L caused a switch in the sex ratio of 
parthenogenetic offspring (Tatarazako and Oda, 2007) as significantly more males were produced. 
Effect levels for sex ratio do seem to differ among clonal lineages: the OECD (2008) reported a factor 
of 20 difference between different clones tested at various laboratories under the same standardized 
test conditions. Although we tested for effects on sex ratio under conditions inducing sexual 
reproduction (crowding, short-day photoperiod), the observed effects levels for sex ratio (LÒEC = 1 
µg/L; chapter 4) are similar to those reported under standard test conditions (test organisms 
individually in beakers, long-day photoperiod). Effects levels on embryonic development of both 
parthenogenetic and dormant eggs are also in this same range (LOEC = 0.1 µg/L; chapter 1 and EC50 
= 2.7 µg/L; Mu and Leblanc, 2004). At these low exposure levels, fenoxycarb induced deformations in 
the tail spine (curved). Nevertheless, this type of deformations is reversible when hatchlings are reared 
under optimal conditions (Mu and Le Blanc, 2004).  
More severe deformations of the carapax en antennae were observed in dormant egg embryos and 
hatchlings at concentrations of 1000 µg/L and higher (chapter 1 + 2). This type of deformations was 
irreversible and lead to a reduction in survival and performance of the hatched individuals (LOEC = 
500 µg/L, also the lowest concentration tested for chronic effects; chapter 2). Hatching of dormant 
eggs, either when exposure took place before or after light activation, was among the least sensitive 
endpoints (EC50 hatching = 1300 µg/L; chapter 2), about a factor 2.5 higher than concentrations 
causing acute mortality in neonates (EC50 = 500 µg/L; EFSA, 2010).  
To conclude, for fenoxycarb the endpoint from a standard ecotoxicity test (in this case effects on 
parthenogenetic reproduction) that is currently being used in the risk assessment process, appears to 
be the most sensitive endpoint. However, pesticides like fenoxycarb are able to affect development 
and hatching of dormant eggs, as well as have more chronic effects on survival and life-history 
characteristics of hatched individuals. For fenoxycarb these effects occurred at or just above effect 







Table 1 Overview of effects of fenoxycarb exposure on endpoints in the life cycle of D. magna. Numbered 
scenario´s refer to scenario´s modified from Angeler and Garcia (2005), as described in the previous paragraphs. 





 Neonate mortality/immobility 48 h EC50 500 EFSA (2010) 
 Neonate mortality/immobility 48h EC50 210 - 860 OECD (2008) 
 Parthenogenetic reproduction 21 d NOEC 0.002 - 3.2 EFSA (2010) 
 Parthenogenetic reproduction 
1 21d LOEC 1 Chapter 4 
4 Sex ratio (male induction) 21d EC50 0.45 - 10 OECD (2008) 
4 Sex ratio (male induction) 21d LOEC 0.1 Tatarazako and Oda (2007) 
4 Sex ratio (male induction) 1 21d LOEC 1 Chapter 4 
1 Embryo toxicity parthenogenetic eggs (malformations: curved tail spine)  3d EC50 2.7 Mu and LeBlanc (2004) 
1 Embryo toxicity parthenogenetic eggs (malformations: curved tail spine)  10d LOEC 0.1 
2 Chapter 1 
1 Embryo toxicity dormant eggs (malformations: curved tail spine)  10d LOEC 0.1 
2 Chapter 1 
1 Embryo toxicity dormant eggs (malformations: carapax + antennae)  10d LOEC 1000 Chapter 1 + 2 
4 Dormant egg production 21d LOEC n.d. 3 Chapter 4 
1 Hatching dormant eggs              (exposed during hatching process) 10d EC50 1300 Chapter 1 + 2 
3 Hatching dormant eggs              (exposed before hatching process) 10d LOEC 1000 Chapter 3 
2 Hatchling survival 21d LOEC 500 2 Chapter 2 
2 Hatchling performance 21d LOEC 500 2 Chapter 2 
 
1 under conditions inducing sexual reproduction 
   
 
2 lowest tested concentration 
    
 
3 significant effect of fnx, but post-hoc comparisons not 
significant 
   
 
In addition to the traditional acute and chronic Daphnia ecotoxicity tests, standardized hatching 
experiments (chapter 1 – 2) could be used as a fast and efficient method in screening toxicants for 
effects on development and hatching of dormant eggs, similar to in vitro assays currently being used 
to screen for effects on parthenogenetic eggs (Palma et al., 2009; Sobral, 2001; Abe et al., 2015). 
Since we have only screened five pesticides for effects on development and hatching, and only two 
pesticides for more chronic effects, testing of other classes of toxicants is highly recommended. Since 
there are indications that even pesticides that do not directly affect the hatching process are able to 
impact survival and life history characteristics of hatchlings (chapter 2), more research is needed to 
determine the long-term ecological impact of exposure to environmental relevant concentrations of 






Community level effects 
In the previous paragraphs, we have focused on effects of pollutants on dormant life stages at the 
population level (D. magna). However, in natural systems the situation is (even) more complicated, 
since other biotic and abiotic factors play a role in determining the direct and indirect effects of 
pollution, such as climatic conditions, species traits and interactions (e.g. Solomon and Sibley, 2002; 
Relyea and Hoverman, 2006; Liess et al., 2008). While field studies are ecologically most relevant, 
they are also very complex, the causality of effects is often difficult to determine and interpretation of 
data is challenging (EPiF, 2005, Köhler and Triebskorn, 2013). Therefore, in many cases higher tier 
studies use artificial ecosystems (e.g. micro- or mesocosms) as surrogates for actual field testing or 
surveys (Campbell et al., 1999; De Jong et al., 2008). So far, the focus in such experiments was only 
on the active component of zooplankton communities, and even though natural sediment is often 
included as substrate, effects of pollutants on dormant egg bank dynamics are typically not taken into 
account. Therefore, we performed a two year outdoor mesocosm experiment, assessing impacts of 
repeated carbaryl exposure on both the active and dormant component of zooplankton communities 
(chapter 5). In addition, to assess whether effects on the dormant community would lead to changes 
in the active community and vice versa, also a dormant egg bank treatment was included in our 
experiment. This allowed us to test specifically for effects of pesticide exposure on newly produced 
dormant eggs as well as on dormant eggs already present in the sediment fraction (used to assess the 
buffering capacity of the egg bank). We observed significant negative effects of pesticide exposure on 
taxon richness and abundances of the established active communities. This was however not reflected 
in the composition of the dormant egg bank as we did not find any effects on newly produced dormant 
eggs or on the dormant eggs already present in the sediment fraction since the start of the experiment. 
This indicates that carbaryl had no direct or indirect effects on dormant egg bank dynamics. Since this 
was only a first study specifically designed to assess effects on dormant communities and the benthic-
pelagic coupling, it would be interesting to test other exposure regimes and different model pesticides.  
Hanazato (1998) observed that the recovery potential of the active phase was, amongst others, 
depending on the timing of exposure. Zooplankton communities could re-establish relatively rapidly 
when exposed in summer, but not after carbaryl application in spring or fall. Also, pesticide application 
later in the growing season might cause effects on dormant egg production, as observed for other 
pesticides under laboratory conditions (Olmstead and LeBlanc, 2001; Saika et al., 2006; chapter 4). 
We did not observe effects on newly produced dormant eggs in the current experiment, most likely 
because zooplankton populations had sufficient time to recover before the typical peak of sexual 
reproduction in fall. In addition, carbaryl showed no direct effects on hatching up to concentrations 
1000 times the EC50 for D. magna neonate toxicity (EFSA, 2006; Coors et al., 2009) in laboratory 
hatching experiments (chapter 1 – 2). Other pesticides, such as fenoxycarb, that do show effects on 
hatching and production of dormant eggs under laboratory conditions (chapter 1 - 4) might also have 
a significant impact on the production, viability, or hatching process of dormant eggs in (semi-)natural 
systems. It would therefore be interesting to test this model pesticide on additional zooplankton 







With this thesis we aimed to get more insight into the effects of pesticide exposure on dormant egg 
bank quantity and quality. We did this by studying different pathways of impact of selected model 
pesticides on the dormant phase, ranging from 10-day laboratory experiments at population level to a 
2-year outdoor mesocosm study at zooplankton community level. From our findings we suggest three 
approaches, at different levels of biological organization, for future research: 
 First of all, at the population level, there is hardly any experimental data available on the effects of 
toxicants on dormant life stages when in a state of dormancy (diapause or quiescence). Results 
from chapter 3 give a first indication that dormant eggs can also be affected before they are 
triggered by light to hatch. It would be interesting to further explore this scenario. A possibility 
would be to develop a method that could directly assess the viability of dormant eggs, without the 
need to perform hatching experiments. Gorokhova (2010) already applied a direct staining method 
to assess the viability of different zooplankton eggs, including parthenogenetic eggs of D. magna. 
In current studies, hatching of (previously) exposed dormant eggs was used as a proxy for the 
viability of dormant eggs. However, not all dormant eggs respond similarly to hatching cues 
(Vandekerkhove et al., 2004) and even under optimal conditions generally not all eggs will hatch 
as part of a risk spreading strategy (bet-hedging theory; Cohen, 1966; Evans and Dennehy, 2005), 
which might compromise the results of this type of experiments. If this staining method could be 
adapted for use in dormant zooplankton eggs, this could aid assessment of direct impacts of 
toxicants on dormant life stages. 
 
 
 Secondly, laboratory microcosm bioassays for testing effects of pollutants on dormant community 
dynamics could be explored as an additional level in between single species laboratory studies 
and outdoor mesocosm experiments. These bioassays take into account species interactions and 
indirect effects while allowing for a higher level of repeatability, replicability and standardization 
than outdoor mesocosms (Walker, 2014). Clément et al. (2014) have developed a 2 L batch or 
flow-through water-sediment system containing an assembled community consisting of five 
species: Pseudokirchneriella subcapitata (green algae), Lemna minor (duckweed), D. magna 
(waterflea), Hyalella azteca (amphipods), Chironomus riparius (blood worm). They have used this 
system to test for potential toxic effects of contaminated sediments (Triffault-Bouchet et al., 2005; 
Clément et al., 2014). Test systems like this could be adapted and used to test specific scenarios 
regarding impact of pollution on dormant egg bank dynamics (Angeler and Garcia, 2005). 
 
 And third, on a landscape level, it would be interesting to explore the effects of pollutants on 
dormant egg banks in natural systems. For example, sediment from pristine and polluted ponds 
could be sampled and used in subsequent laboratory hatching experiments, to assess differences 
in abundances and taxon richness, using methods similar to Angeler et al. (2005) and Henri et al. 
(2014). In addition, hatchling survival and performance could be tested in a life-table approach to 
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Currently, agricultural land comprises about 40% of the worlds land surface, producing food for six 
billion people. Projections are that the global human population will continue to increase and a 
doubling is expected by 2050. This continued population growth is accompanied by a sharp increase 
in food demand, which has put a lot of pressure on the agricultural sector to increase crop yields. 
Pesticides have been increasingly used to help boost crop production. By spray drift, run-off and 
leaching, a fraction of these pesticides ends up in aquatic water bodies in or surrounding agricultural 
areas, thereby potentially affecting also non-target species, such as planktonic organisms. Many 
zooplankton taxa depend on dormant life stages to survive unfavourable environmental conditions 
(drought, freezing, predation). To date however, not much is known about the effects of pollution on 
dormant life stages. Toxicants could have an impact on both the active and dormant phase of 
zooplankton populations and communities, through the following scenario´s: 1) impact on development 
and hatching of dormant eggs; 2) effects on hatchling survival and performance in the aquatic phase; 
3) impact on dormant stages before activation (in diapause), causing egg mortality or irreversible 
disruption of the dormancy-break system; 4) effects during the sexual reproductive phase, affecting 
dormant egg production.  
To test whether pesticides can be used safely, ecological risk assessments are performed, of which 
ecotoxicological assays form an important part. While aquatic invertebrates are routinely tested in 
ecotoxicological studies (especially the model organism Daphnia magna), most of these studies focus 
on a small part of their life cycle: asexual reproduction of clonal lineages (scenario 2). Studies 
investigating effects of pollutants on dormant life stages and the sexual reproductive phase are vastly 
underrepresented (scenario 1, 3 and 4). With this doctoral thesis we aimed to improve our 
understanding of the effects of pesticide exposure on dormant egg bank dynamics. Therefore, we 
studied different endpoints related to the dormant phase in zooplankton populations and communities, 
both under controlled conditions in the laboratory, as well as in a semi natural mesocosm environment. 
An important goal was to identify which part of the life-cycle in the model organism D. magna was 
most sensitive to toxicant exposure. In addition, we explored what new information regarding the 
sensitivity and recovery potential of aquatic communities could be obtained from including effects on 
dormant egg bank dynamics in higher tier ecotoxicological studies. 
At the population level we performed a series of integrated laboratory experiments using D. magna. 
Our results indicate that, in addition to inducing mortality of active individuals (scenario 2), pesticides 
can also affect hatching dynamics and life history traits of hatched individuals (scenario 1). We tested 
five different model pesticides for their effects on both dormant (sexual) and parthenogenetic (asexual) 
eggs of D. magna. The effects on dormant life stages differed among toxicants, depending on their 
mode of action and potential for bioaccumulation. Even a pesticide such as carbaryl that had no direct 
effect on the hatching process, still caused negative chronic effects on survival and hatchling 
performance. The impact of pesticide exposure was not only determined by the type of toxicant, but 
also by the timing of exposure. Final stages of embryonic development were most sensitive to 






Even before light activation, dormant eggs could already be affected by toxicant exposure (scenario 
3). In addition, the ephippial case that surrounds dormant eggs under natural conditions, offered 
limited or no direct protection against pesticide exposure. This indicates that even though dormant 
eggs show a high tolerance to extreme physical conditions, they can still be affected by chemical 
pollution. It remains to be tested whether the effects of pollutants on dormant eggs are also depending 
on the type of dormancy (i.e. quiescence versus diapause). 
In our research we showed that exposure to the juvenile growth hormone fenoxycarb could also affect 
the sexual reproductive phase in D. magna (scenario 4). Fenoxycarb caused a decrease in both 
parthenogenetic and dormant egg production, while inducing the production of male offspring. There 
were no significant effects of fenoxycarb exposure on the survival and life history characteristics of the 
hatchlings, when exposure took place during dormant egg production. This indicates that even though 
the quantity of the dormant eggs was reduced, their quality was not affected significantly by 
fenoxycarb exposure. 
To assess the effects of pesticide exposure at the zooplankton community level, we performed a two 
year outdoor mesocosm experiment, focusing on impacts of repeated carbaryl exposure on both the 
active and dormant phase. The inclusion of a dormant egg bank treatment allowed us to test 
specifically for effects of pesticide exposure on newly produced dormant eggs as well as on dormant 
eggs already present in the sediment fraction (used to assess the buffering capacity of the egg bank). 
The active communities were negatively affected by carbaryl exposure, especially the smaller sized 
cladocerans (Ceriodaphnia quadrangula en Chydorus sphaericus). We did not observe effects on 
newly produced dormant eggs in the current experiment, most likely because zooplankton populations 
had sufficient time to recover before the typical peak of sexual reproduction in fall. Hatching of 
dormant eggs already present in the sediment was not affected by carbaryl exposure. This is in 
agreement with results from our laboratory experiments, were carbaryl showed no direct effects on 
hatching up to concentrations 1000 times the effect level (EC50) for D. magna neonates.  
Our results clearly indicate that pollution can affect dormant egg bank dynamics in zooplankton 
populations through all scenarios evaluated (1-4). In general, the effect levels found in our laboratory 
experiments are not lower than those obtained by standard ecotoxicological screening assays. We 
proved that pesticides can have long-term effects on dormant egg bank dynamics, which could have 
important consequences for ecological and evolutionary dynamics of zooplankton populations and 
communities in lakes and ponds. More research is needed to determine the long-term ecological 
impact of exposure to environmental relevant concentrations of pesticides, under different exposure 
scenarios, in (semi-)natural aquatic ecosystems. Laboratory microcosm bioassays for testing effects of 
pollutants on dormant community dynamics could be explored, as an additional level in between single 
species laboratory studies and outdoor mesocosm experiments. And finally, it would be interesting to 
explore the effects of pollutants on dormant egg banks in natural systems, by studying impacted 



















Momenteel bestaat ongeveer 40% van het aardoppervlakte uit agrarisch landschap, waarop voedsel 
voor 6 biljoen mensen wordt geproduceerd. De verwachting is dat de wereldbevolking verder zal 
blijven stijgen en tegen 2050 opnieuw zal zijn verdubbeld. Dit zal samengaan met een alsmaar groter 
wordende vraag naar voedsel. Om de productiviteit te blijven verhogen worden onder andere 
meststoffen en  pesticiden gebruikt en nieuwe gewassen ontwikkeld. Een deel van de gebruikte 
pesticiden komt door overwaaien bij het spuiten, uitloging of wegspoeling terecht in 
oppervlaktewateren, zoals vijvers en meren, die in de omgeving van akkers en weilanden liggen. 
Hierdoor kunnen ook niet-doelorganismen, zoals zooplankton soorten, blootgesteld worden aan 
pesticiden. Veel van deze zooplankton soorten zijn in hun voortbestaan afhankelijk van dormante 
levensstadia om ongunstige perioden (droogte, vrieskou, predatie) te overbruggen. Er is echter weinig 
bekend over de effecten van pollutie op dormante levensstadia. Toxicanten kunnen een invloed 
hebben op zowel de actieve als de dormante fase van zooplankton populaties en gemeenschappen 
volgens verschillende scenario’s: 1) impact op de ontwikkeling en ontluiking van dormante eieren; 2) 
effecten op de overleving en performantie van ontloken individuen in de actieve fase; 3) impact op 
dormante diapauserende stadia waardoor dormante eieren afsterven of hun ontluikingsmechanisme 
onherstelbaar beschadigd wordt; 4) effecten tijdens de sexuele reproductieve fase, waardoor de 
productie van dormante eieren aangetast wordt.  
Om te testen of pesticiden veilig gebruikt kunnen worden, worden ecologische risico-evaluaties 
uitgevoerd. Ecotoxicologische testen vormen hier een belangrijk onderdeel van. Standaard 
ecotoxicologische testen op zooplankton soorten zijn op dit moment vooral toegespitst op de effecten 
van toxicanten op overleving en reproductie van organismen in de actieve fase (scenario 2), over de 
effecten op scenario´s 1, 3 en 4 is veel minder bekend. Met deze doctoraatsthesis wilden we meer 
inzicht verkrijgen in de effecten van blootstelling aan pesticiden op dormante rusteierenbank 
dynamieken. Daarvoor hebben we verschillende eindpunten, gerelateerd aan de dormante fase van 
zooplankton populaties en gemeenschappen bestudeerd, zowel onder gecontroleerde laboratorium 
condities als in semi-natuurlijke test systemen (mesocosms). Een belangrijke doel was om te 
achterhalen welk deel van de levenscyclus van het model organisme Daphnia magna (watervlo) het 
meest gevoelig was aan pesticiden blootstelling. Daarnaast hebben we onderzocht wat voor nieuwe 
informatie over de gevoeligheid van zooplankton gemeenschappen we konden verkrijgen door de 
effecten van pesticiden specifiek op dormante rusteierenbank dynamieken te testen, in een mesocosm 
experiment.  
Op populatie niveau hebben we een serie van geïntegreerde laboratorium experimenten uitgevoerd 
met D. magna. Onze resultaten geven aan dat, pesticiden niet alleen mortaliteit in de actieve 
gemeenschap kunnen veroorzaken (scenario 2), maar ook effecten kunnen hebben op 
ontluikingsdynamieken en levensgeschiedeniskenmerken van ontloken individuen (scenario 1). We 
hebben een vijftal pesticiden getest op zowel dormante (sexuele) als parthenogenetische (asexuele) 
eieren van D. magna. De effecten van de geteste toxicanten op dormante levensstadia verschilden 






Zelfs een pesticide als carbaryl dat geen direct effect had op het ontluikingsproces, veroorzaakte toch 
negatieve chronische effecten op overleving en performantie van ontloken organismen. De impact van 
de pesticide blootstelling werd echter niet alleen bepaald door het type toxicant, maar ook door het 
tijdstip van toediening. De laatste stadia van embryonale ontwikkeling waren het meest gevoelig aan 
pesticiden blootstelling. Hier vonden we ook de hoogste interne concentraties van pesticiden gemeten 
in de dormante eieren terug. Zelfs nog voordat de dormante eieren geactiveerd waren om te ontluiken, 
konden ze al aangetast worden door pesticiden blootstelling (scenario 3). Daarnaast bleek het 
ephippium (beschermende kapsel) rond de dormante eieren, nauwelijks of geen bescherming te 
bieden tegen pesticiden blootstelling. Dit geeft aan dat ook al hebben dormante eieren een hoge 
tolerantie voor extreme fysische condities, zoals vrieskou of langdurige droogte, ze toch een negatieve 
invloed kunnen ondervinden van chemische vervuiling. Verder onderzoek zal moeten uitwijzen of de 
effecten van vervuiling ook verschillen tussen de uiteenlopende stadia van dormantie (quiescentie 
versus diapause).  
We hebben in ons onderzoek aangetoond dat blootstelling aan de insect groeiregulator fenoxycarb in 
Daphnia ook een effect kan hebben op de sexuele reproductieve fase (scenario 4). Fenoxycarb 
veroorzaakte een daling in zowel de productie van parthenogenetische eieren als dormante eieren, en 
induceerde de productie van mannetjes. We hebben geen significante effecten gevonden van 
fenoxycarb blootstelling op overleving en levensgeschiedeniskenmerken van ontloken individuen, 
wanneer de dormante eieren waren blootgesteld tijdens de productie. Dit geeft aan dat alhoewel de 
hoeveelheid geproduceerde dormante eieren significant verminderde, de kwaliteit van de dormante 
eieren in dit scenario niet negatief beïnvloed werd door fenoxycarb.  
In een tweejarig mesocosm experiment hebben we onderzoek gedaan naar de effecten van pesticiden 
blootstelling op zooplankton gemeenschappen, toegespitst op de impact van herhaalde carbaryl 
toediening op zowel de actieve als dormante fase. Toevoeging van een dormante eierenbank 
behandeling in ons experiment, heeft er voor gezorgd dat we specifiek konden testen voor de effecten 
van pesticide blootstelling op zowel nieuw geproduceerde dormante eieren, als op dormante eieren 
die al aanwezig waren in de sediment fractie vanaf de start van het experiment. De actieve 
gemeenschappen werden negatief beïnvloed door de toediening van carbaryl. Vooral kleinere 
zooplankton taxa (Ceriodaphnia quadrangula en Chydorus sphaericus) waren gevoelig voor de 
pesticiden blootstelling. We hebben geen effecten gevonden van carbaryl blootstelling op nieuw 
geproduceerde rusteieren, waarschijnlijk omdat de actieve zooplankton populaties voldoende tijd 
hadden om te herstellen van de blootstelling, voordat de piek van de rusteieren productie plaatsvond. 
De ontluiking van rusteieren die al aanwezig waren in het sediment, werd niet negatief beïnvloed door 
carbaryl bloostelling. Dit is in overeenstemming met resultaten bekomen in de laboratorium 
experimenten, waarbij carbaryl geen directe effecten had op ontluiking tot concentraties 1000 keer 






Onze resultaten tonen duidelijk aan dat chemische vervuiling een effect kan hebben op dormante 
rusteierenbank dynamieken in zooplankton populaties, via alle onderzochte scenario´s (1 - 4). Over 
het algemeen zijn de gevonden effect niveau´s in onze laboratorium experimenten niet lager dan 
effect niveau´s bekomen in standaard ecotoxicologische screening testen. We hebben wel 
aangetoond dat pesticiden langdurige effecten kunnen hebben op rusteierenbank dynamieken en dit 
kan een belangrijke impact hebben op evolutionaire en ecologische dynamieken van zooplankton 
populaties en gemeenschappen. Verder onderzoek is nodig om uit te wijzen wat de lange-termijn 
effecten van bloostelling aan milieu relevante pesticiden concentraties, via verschillende 
blootstellingsscenario´s, zijn op zooplankton gemeenschappen in natuurlijke aquatische systemen. 
Daarnaast zouden laboratorium microcosms gebruikt kunnen worden om de effecten van polluenten te 
testen op dormante rusteierenbank dynamieken, als schakel tussen laboratorium experimenten met 
één soort en openlucht mesocosm studies op gemeenschapsniveau. Als laatste, zou het interessant 
zijn om de effecten van chemische vervuiling te testen op dormante eierenbanken in natuurlijke 
systemen, door het bestuderen van geïmpacteerde en pristiene locaties.  
 
